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Mangroves are salt-tolerant trees and shrubs that dominate the intertidal zone in 
many tropical and subtropical coastal regions. These intertidal forests often exhibit 
relatively distinct and recurring patterns of species distribution. A series of field and 
laboratory experiments examined biotic and abiotic factors affecting survival and growth 
of three neotropical mangrove species: Rhizophora mangle (red mangrove), Avicennia 
germinans (black mangrove), and Laguncularia racemosa (white mangrove).
A field survey across a mangrove island range in Belize revealed six vegetation 
zones based on differences in dominant canopy species, size and vigor of the trees, 
spatial position relative to the shoreline, and hydro-edaphic conditions. Variation in 
relative densities of seedlings was correlated with physicochemical factors and distance 
from conspecific, reproductive adults. Differential recruitment occurred in areas of 
contrasting edaphic conditions. Biotic factors such as predation also varied spatially and 
temporally and contributed to seedling mortality.
Seedling growth patterns indicated substantial differences among species in 
terms of relative growth rate, biomass partitioning, morphological and physiological 
flexibility and defensive properties. Field distributions and laboratory culture 
experiments indicated that the three species are naturally abundant in conditions that are 
sub-optimal for their growth, but where stress factors, resource availability, and 
herbivores prevent or limit the growth of other species.
The results support the hypothesis that mangrove zonation is primarily the result 
of specialization by species to different portions of the intertidal. Predation pressure, 
resource availability, and stress intensity were found to vary across the intertidal and 
generated a series of contrasting conditions for mangrove seedling recruitment. 
Hypersaline conditions in the high intertidal favor Avicennia, which was determined to 
have a high salt tolerance. Rhizophora is dominant in the low intertidal since its growth
and survival are less limited by low resource availability, high flooding, and predation 
compared to the other two species. Laguncularia is limited to areas where salinity and 
flooding stresses are both at a minimum. Differential seedling responses to biotic and 
abiotic factors coincided with adult distribution patterns, a finding consistent with the 
viewpoint that seedling dynamics is an important process structuring mangrove forests.
IN TR O D U CTIO N
An understanding of the mechanisms that generate species distribution patterns 
has been a major goal of plant community ecologists. Zonation patterns in plant 
communities often coincide with gradients in physical or chemical factors. As a 
consequence, much work has centered on the role of abiotic factors as determinants of 
plant growth and distribution. In wetlands, vegetation patterns occur in conjunction with 
variation in depth and duration of flooding across elevational gradients (Pielou and 
Routledge, 1976; Nixon, 1982; Snedaker, 1982; Vince and Snow, 1984). Abiotic 
factors other than elevation/inundation (e.g., soil redox potential, phytotoxin 
accumulation, nutrient availability, temperature, and light) may also vary spatially and 
influence plant growth. In the intertidal habitat, salinity is an additional factor that varies 
with frequency and duration of tidal fluctuation and may influence plant species 
distributions.
Although studies of vascular plant zonation have focused upon environmental 
variation as the determinant of pattern, plant species distribution cannot be completely 
attributed to abiotic factors. Differential dispersal and/or ability to establish may cause a 
segregation of vegetation in the intertidal zone (Rabinowitz, 1978a). Herbivory, 
particularly by large grazers such as geese (Smith and Odum, 1981) or livestock 
(Ranwell, 1961) may significantly influence abundance and production of plants in 
wetlands. Predation of seeds and propagules by marine invertebrates has been correlated 
with species distribution patterns in mangrove forests (Smith, 1987a,c; Smith et al., 
1989). Interspecific competition has also been shown to influence zonation of vascular 
plants in some wetlands (Grace and Wetzel, 1981; Keddy, 1984; Bertness and Ellison, 
1987; Bertness, 1991).
Mangrove forests, which often dominate the intertidal zone in tropical and 
subtropical regions, exhibit relatively distinct and recurring patterns of species
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distribution (Davis, 1940; Macnae, 1968; Rabinowitz, 1978a-c; Semeniuk, 1980; 
Johnstone, 1983). Although much descriptive and correlative work has been conducted 
in these intertidal forest systems, there is still a general lack of understanding of the 
determinants of mangrove species distribution patterns, particularly in the neotropics 
(Smith, 1992).
The approach taken in this dissertation combined laboratory and field experiments 
to assess the effect of several abiotic and biotic factors on the intertidal distribution of 
three neotropical mangrove species. The primary purpose of the laboratory experiments 
was to determine their potential distribution, i.e., their fundamental niche, relative to 
selected abiotic factors. The field objectives were to: (1) assess the relative distribution 
of neotropical mangroves in relationship to physical and chemical conditions in the 
intertidal, (2) conduct transplant experiments to determine establishment abilities and 
survival in areas of contrasting conditions, and (3) experimentally examine the impact of 
factors that could not be simulated in the laboratory.
I have focused upon the regenerative phase of the mangrove life cycle primarily 
because establishment and survival of seedlings directly affect species distribution and 
abundance patterns. In addition, the seedling stage is the most vulnerable to abiotic and 
biotic stresses present in the mangrove habitat. This approach is based on the 
assumptions that: ( 1) seedlings occupy microhabitats that may be very different from 
those exploited by adults and (2) seedlings exhibit characteristics (e.g., small size, rapid 
growth rates, lack of fully developed mechanisms for stress avoidance, and more 
palatable tissues (to herbivores)) that expose them to hazards not experienced by adults.
The choice of field sites was dictated partly by funding and logistical 
considerations, but also by the advantages afforded by a system isolated from the effects 
of adjacent terrestrial communities. Although one study site occurred in a mainland 
mangrove forest in Florida (Chapter 8), the remainder of the field work was conducted on 
a mangrove island off the coast of Belize. The mangrove islands in the Belizean coastal
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zone are essentially pure, intertidal systems, unaffected by runnoff of freshwater, 
sediment, and pollutants from uplands. They are also relatively isolated from 
anthropogenic activities.
Tree diversity is low in these neotropical systems with only three "true mangrove" 
species present: Rhizophora mangle L. (red mangrove), Avicennia germinans (L.) 
Steam, (black mangrove) and Laguncularia racemosa (L.) Gaertn. f. (white mangrove). 
These three species exhibit distinct patterns of distribution relative to the shoreline. These 
islands thus represent the most simple system in which the phenomenon of interest, i.e. 
zonation, occurs. The advantage is that investigation of zonation patterns and their 
underlying mechanisms is greatly facilitated if the total number of potential factors that 
might influence species distribution and abundance is minimized. Once an understanding 
is gained in these relatively simple systems, then more complex situations may be 
investigated with greater confidence.
This dissertation examines several factors that can affect mangrove survival and 
growth during regeneration in an attempt to better understand the mechanisms generating 
zonation patterns in mangrove forests. It was impossible, however, to investigate all 
factors potentially influencing mangrove species distribution. For example, effects of 
excess light (photoinhibition), herbivory, temperature, competition, and disturbance were 
not directly examined. However, there is so little basic information about relative species 
responses to important abiotic and biotic variables that this research represents a major 
step toward unravelling the complex processes determining zonation patterns in 
neotropical mangrove forests.
Two abiotic factors that vary across the intertidal and can strongly influence 
seedling survival and growth were emphasized in this investigation: (1) flooding and 
associated edaphic conditions (e.g., an anaerobic or reducing soil environment and the 
accumulation of reduced compounds that are phytotoxic) and (2) salinity. The effects of 
two biotic factors were also examined: (1) predation, which can significantly affect
mangrove seedling recruitment across the intertidal and (2) inherent differences in life 
history characteristics such as seedling relative growth rate, biomass partitioning, and 
content of defensive chemicals, which determine a species' potential for growth, resource 
acquisition and ability to deter herbivores, respectively.
The first chapter reviews the mangrove literature and details those studies that 
have previously investigated determinants of zonation. This chapter emphasizes the 
paucity of information that exists regarding interspecific differences among neotropical 
mangrove species that could aid in an understanding of spatial variation in species 
distribution and dominance.
Chapter 2 describes vegetation zonation patterns and associated edaphic 
characteristics across a mangrove island range in Belize. Six zones were distinguished 
based on differences in dominant canopy species, size and vigor of the trees, spatial 
position relative to the shoreline, and hydro-edaphic conditions. Zone separation was 
facilitated by a factor analysis of soil and interstitial water variables.
In Chapter 3, factors controlling mangrove seedling recruitment in Belize are 
considered. Variation in relative densities of seedlings was determined across distinct 
zones, and correlations with physicochemical factors and distance from conspecific adults 
examined. A manipulative experiment was also conducted to assess differential 
recruitment in areas of contrasting edaphic conditions.
Chapter 4 examines the effect of marine predators on mangrove seedling 
recruitment in Belize. Field experiments were conducted to determine if there were 
differences in predation rates among mangrove species and whether differences in size 
and/or chemical composition of propagules influenced consumption rates. Predation was 
examined across distinct vegetation zones and in different forest locations to see if 
patterns were consistent with distribution and dominance of trees. The chapter also 
describes the predator guild and long-term effects of predators on seedling survival.
Chapter 5 considers inherent differences in relative growth rates, biomass 
partitioning, and content of defensive compounds that will determine relative seedling 
performance in habitats of contrasting resource availability. The information presented in 
this chapter fills a major gap in our knowledge of basic plant traits in mangroves and is 
essential for a complete understanding of seedling responses across environmental 
gradients.
In Chapter 6, relative salt tolerance of the three mangrove species is assessed 
under controlled conditions. Two experiments were designed to examine mangrove 
responses to salt stress. "Growth stress," i.e., stress that inhibits production, was 
generated by culture at constant salinities ranging over levels representative of field 
condtions. "Mortality stress," i.e., stress that impairs survivorship, was generated by 
raising salinity in steps until 100% mortality occurred. The results provide insight into 
potential effects of salinity on relative growth of mangrove seedlings when levels do not 
exceed tolerance limits, but also when extreme conditions generate salinities that impair 
survival.
Growth and physiological responses of three mangrove species to root /one 
anoxia are described in Chapter 7. Seedlings were grown under aerated and anaerobic 
solution culture to assess their potential to avoid low root oxygen tensions in the absence 
of other factors associated with flooding (e.g., phytotoxins, nutrient availability). Effects 
on relative growth rates, biomass partitioning, net photosynthesis, and root respiration 
and extension rates were measured in a long-term experiment. Effect of anoxic solution 
culture on root oxygen concentrations was also examined in a short-term experiment.
The information derived from these controlled experiments provides a better 
understanding of mechanisms generating interspecific differences in flood tolerance 
among mangrove seedlings.
Chapter 8 examines the field distribution of two mangrove species in Florida and 
concurrent variation in soil physicochemical factors. Greenhouse experiments were also
conducted with seedlings to assess relative tolerance of flooding depth, soil redox 
potential and sulfide concentration. Although field correlations between mangrove 
distribution and redox and sulfide have been reported previously, the results in this 
chapter represent the first experimental evidence that mangroves can be differentially 
affected by reducing soil conditions and sulfide.
The research chapters are presented in journal format for publication in 
appropriate journals. Consequently, there is some redundancy in the descriptions of the 
study area and methods. Chapter 8 has been published in the Journal of Ecology. 




Mangrove Zonation: General Background
Spatial variation in species occurrence and abundance is frequently observed 
across environmental gradients in many types of ecosystems. Zonation of plant 
communities in intertidal habitats is particularly striking and often results in monospecific 
bands of vegetation occurring parallel to the shoreline. Mangroves, which occupy the 
intertidal zone along tropical and subtropical coastlines, are reported to exhibit zonation 
patterns in a number of different geographic regions (Davis, 1940; Macnae, 1968; 
Rabinowitz, 1978a-c; Semeniuk, 1980; Johnstone, 1983). The non-taxonomic term, 
mangrove, encompasses approximately 48 species, 20 genera, and 16 families 
(Tomlinson, 1986). Their distribution is circumglobal with the majority of mangrove 
forests occurring between 25 0 N and S latitudes (Tomlinson, 1986).
Zonation patterns in mangrove forests vary geographically. For example, the 
pattern reported by Davis (1940) for Florida mangroves shows Rhizophora mangle (red 
mangrove) occupying the seaward position, followed by Avicennia germinans (black 
mangrove), and Laguncularia racemosa (white mangrove) in the most landward position. 
That pattern may be contrasted with a profile for northeastern Australia (Queensland), 
which is not only more complex due to a higher species diversity, but the relative position 
of congeneric species in the intertidal is reversed from that in Florida (e.g., Avicennia in 
the seaward position and Rhizophora in the landward position) (Smith, 1992). Mangrove 
zonation patterns may also vary on a regional scale. Occurrence of species may differ 
across an estuary, apparently in response to differences in freshwater input, i.e., species
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found at the seaward end of the estuary may be absent from the headwaters (Bunt et al., 
1982).
The zonation pattern that has received the most attention, however, is the variation 
in species dominance on a local scale, i.e., across the intertidal. In any particular forest, 
the low intertidal will be typically dominated by a different species than that in the high 
intertidal. Differences in elevation and frequency of tidal flooding across the intertidal 
generate gradients in abiotic and biotic factors that influence mangrove survival and 
growth. It is the mechanisms responsible for species distribution across the intertidal that 
are of primary interest in this review, rather than those causing global or regional 
variations in patterns.
Several hypotheses have been proposed to explain species zonation patterns in 
mangroves: 1) zonation reflects land building and plant succession (Davis, 1940), 2) 
geomorphological processes cause vegetation zonation (Thom, 1967), 3) differential 
dispersal of propagules across the gradient causes a physical "sorting out" of species 
(Rabinowitz, 1978a), 4) differential predation of propagules across the gradient 
eliminates some species from certain zones (Smith, 1987a), 5) physiological 
specialization limits distribution of species to certain portions of the gradient (Macnae, 
1968; Snedaker, 1982), and 6) interspecific competition causes segregation of species 
(Ball, 1980). Table 1.1 summarizes the current status of these hypotheses.
Zonation Reflects Land Building and Plant Succession
Early workers (Davis, 1940; Chapman, 1976) equated mangrove zonation with 
classical succession in which the mangrove forest was initiated by a pioneer species that 
built land in a seaward direction. The mangrove-dominated system would eventually be 
replaced by a terrestrial, tropical forest. This idea, which was proposed by Davis (1940)
Table 1.1. Comparison of several hypotheses proposed to explain mangrove 
zonation.
Hypothesis Current Status References
1. Land building and 
plant succession
Unsupported by data. Davis (1940), 
Egler (1952)
2. Response to 
geomorphology
Geomorphology is an 




3. Tidal sorting of 
propagules
Not rigorously examined; 
readily refuted by field 
observations in many regions.
Rabinowitz 
(1978a, b, c)
4. Differential predation 
of propagules
Importance varies with species 
and region.
Smith (1987a 
& c, 1988), Smith 
et al. (1989), Smith 
& Duke (unpub.)
5. Differential growth 
response to abiotic factors
Salinity: Some data on salinity responses 
indicate interspecific differences.
Downton (1982), 
Burchett et al. 
(1984), Clough 
(1984), Ball (1988)
Nutrients No data on interspecific 
responses
Light: No data obtained under 
controlled conditions; one 
field experiment.
Smith (1987b)
Flooding: Limited data. Clark & Hannon 
(1970); Pezeshki et 
al. (1990); Jimenez 
&Sauter (1991)




One observational study 
& one experiment indicated 
competitive interactions may 





working in Florida's mangroves, hinged on the ability of R. mangle to build and colonize 
new land. The view that mangrove zonation equaled succession was widely accepted, in 
spite of later evidence to the contrary (Egler, 1952). Work by Egler (1952), Thom (1967; 
1975), and Spackman et al. (1966) strongly suggested that mangroves were not "land 
builders". Mangroves that grow in areas receiving large supplies of sediments showed 
rapid coastal progradation (Thom, 1967; Wanless, 1974). Seaward migration of 
mangrove margins may reach rates of up to 200 m per year (Macnae, 1968). However, 
work in other areas showed retreat of shorelines and in some locations that the vegetation 
was not an important factor determining sedimentation patterns (Egler, 1952; Spademan 
et al., 1966). These results suggest that mangrove vegetation is in many cases a response 
to and not a cause of coastal progradation. Work by Woodroffe and colleagues 
demonstrated the importance of sea level change in addition to depositional environment 
on mangrove extent (Woodroffe et al., 1985; Woodroffe and Grindrod, 1991). Lugo 
(1980) concluded that the traditional criteria for succession does not apply to mangroves, 
and that these are steady-state systems in which succession is controlled by the balance 
between autogenic (e.g., peat accumulation) and allogenic (e.g., sediment transport, 
eustatic sea level changes, etc.) processes. Mangroves are probably best viewed as 
steady-state, cyclical systems migrating toward or away from the sea depending on sea 
level rise or fall, sedimentation rates, topography, and tidal energy (Lugo, 1980; 
Woodroffe and Grinrod, 1991).
Plant Response to Geomorphology
It is generally accepted that geomorphological factors are important in creating the 
physical and chemical framework for mangrove development. Work by Thom (1967), 
Thom et al. (1975), Woodroffe (1981,1982) and others has established that mangrove 
distribution and extent is a response to coastal geomorphology, but that the trees cannot
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substantially alter land-building processes. Fluctuations in sea level, in particular, appear 
to be a dominant force determining mangrove forest development, stability, and decline 
(Woodroffe et al., 1985; Ellison and Stoddart, 1991; Woodroffe and Grindrod, 1991). 
Although geomorphology may be the ultimate cause of mangrove zonation patterns, it is 
inadequate as an explanation for the spatial distribution of species because it provides no 
insight as to how geomorphological processes interact with the vegetation to cause a 
segregation of species across the intertidal.
Differential Dispersal of Propagules
Rabinowitz (1978a, b and c) proposed that mangrove dispersal across the 
intertidal zone was influenced by the size and buoyancy of propagules. Working in 
Panama, she observed that the small size and buoyancy of A. germinans, A. bicolor and 
L. racemosa propagules should cause them to be carried farther inland and to be stranded 
at higher elevations in the intertidal zone. The propagules of R. mangle, R. harrisonii and 
Pelliciera rhizophorae, being much larger and not as consistently buoyant, would be 
expected to strand lower in the intertidal zone. She also determined the minimum time 
required for rooting to take place for these species. Although these investigations 
provided a useful description of dispersal properties, they did not demonstrate that these 
properties do in fact lead to a "sorting out" of species' propagules across the intertidal 
zone.
The lack of a relationship between propagule size/buoyancy and position of adults 
in the intertidal is often cited as evidence inconsistent with the tidal sorting hypothesis 
(see Tomlinson, 1986; Smith, 1992). In Australia, species in the genera Sonneratia, 
Avicennia, and Aegiceras have small propagules, yet they often dominate lower intertidal 
positions (see Tomlinson, 1986; Smith, 1992). Propagules of Rhizophora species are 
generally large, but can be found throughout the intertidal (Saenger, 1982). Although the
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differential dispersal hypothesis has been criticized because of the deficiencies outlined 
above (Tomlinson, 1986; Smith, 1992), it continues to be cited as a viable explanation for 
mangrove zonation (Jimenez and Sauter, 1991).
Differential Predation of Propagules
Seed predation is an important process in many plant communities (Janzen,
1971). This concept, however, was only recently applied to mangrove forests. The 
experiments conducted by Smith and coworkers (Smith, 1987 a,c; 1988; Smith et al., 
1989; Osborne and Smith, 1990; Smith and Duke, unpublished ms.) demonstrated that 
there was an inverse relationship between propagule predation rates and conspecific 
dominance in the canopy in Australian mangrove forests (Smith, 1987a). Results for 
Avicennia marina, Rhizophora stylosa, Brugieria gymnorhiza, and B. exaristata 
supported this predation-dominance model. Exclosure experiments with A. marina 
further showed that the survival of this species' propagules was strongly affected by 
crabs, which also varied in abundance across the intertidal zone. When unprotected, the 
propagules of A. marina were almost completely consumed by crabs in the mid-intertidal 
zone where adults of this species are generally absent.
Not all mangrove species conform to the predation-dominance hypothesis, 
however. Smith's initial study (1987a) showed that consumption of Ceriops tagal was 
not related to its dominance in the canopy. Subsequently, work in three other areas 
(Smith et al., 1989) has revealed other exceptions to Smith's model, notably R. mangle. 
For example, in Florida no predation of R. mangle was observed, and in Panama there 
was a positive correlation between the rate of consumption and dominance of this species 
in the canopy (Smith et al., 1989).
At a minimum, the results of the work conducted thus far suggests that the 
importance of predation varies geographically. In particular, rates of predation and
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diversity of grapsid crabs (primary consumers of mangrove propagules) are highest in the 
Indo-Pacific region and lowest in the New World (Jones, 1984; Smith et al., 1989). If 
propagule predators are less important in certain regions (e.g., Florida and the 
Caribbean), then some other explanation must be sought to explain the zonation patterns 
in those areas.
Physiological Specialization to Abiotic Factors
Zonation of mangroves has often been attributed to specialized adaptation of 
species to abiotic factors that vary across the intertidal zone. Early workers observed the 
correlation between vegetation zonation and the frequency and duration of tidal 
submersion (Watson, 1928; Chapman, 1944; Macnae, 1968). Tidal action, however, 
results in physicochemical gradients in soil redox potential, salinity, phytotoxin 
accumulation, and nutrient availability (Carlson et al., 1983; Boto and Wellington, 1983; 
1984; Carlson and Yarbro, 1988). It is the variation in these factors, which are 
influenced by tidal action, that affects the growth of mangroves across the intertidal. 
Although many studies have correlated mangrove species distribution with abiotic factors, 
this approach has yielded little insight into cause and effect relationships. Thus, the 
following discussion will emphasize those studies that have experimentally examined 
interspecific differences in mangrove tolerance of important abiotic factors.
Salinity. Mangroves exhibit a number of physiological adaptations to salinity, which can 
be grouped into three broad categories: salt exclusion, salt accumulation, and salt 
excretion. These specialized adaptations to salinity have been reviewed in detail by Ball 
(1988a). Salt exclusion refers primarily to selective ion uptake in which certain 
electrolytes (e.g., Na+) may be excluded at the root surface or endodermis. All 
mangroves appear to be able to exclude salt from their tissues, but differ in the degree, the
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exact location in the plant, and possibly the precise mechanism of exclusion (Moon et al., 
1986; Ball, 1988a). There is accumulation of inorganic ions (Popp, 1984 a) that aid in 
osmotic adjustment, but the extent of accumulation before metabolic disruption occurs 
may differ among species. All mangroves appear to accumulate organic solutes, but the 
quantity and composition of these osmotica vary among species (Popp 1984 b; Popp, 
1985). Finally, there are differences among species in ability to excrete salts. Some 
species (e.g. Avicennia, Acanthus, Aegialitis, Aegiceras, and Laguncularia spp.) have 
salt glands, but many do not (e.g., Rhizophora spp.) (Scholander et al., 1962; Cardale 
and Field, 1971; Faraday and Thompson, 1986; Tomlinson, 1986). Ball (1988 a and b) 
further points out the importance of the balance between carbon gain and transpirational 
water loss to relative salt tolerance of mangroves. Because mangrove species differ 
substantially in their salt tolerance strategies, it is not surprising that they also display 
different growth responses along salinity gradients.
Only a few investigations, however, have examined interspecific growth 
responses to salinity levels normally encountered in the field. Several studies have 
investigated single species responses to salinity (Connor, 1969; Downton, 1982; Naidoo, 
1987; Werner and Stelzer, 1990), but provide no comparative information. There have 
been five investigations that compared growth responses of two or more mangrove 
species to salinity (Clough, 1984; Ball, 1988b; Ball and Pidsley, 1988; Smith, 1988b; 
Pezeshki et al., 1990). In general, these studies support the idea that mangrove species 
differ in their tolerance of saline conditions. In particular, Ball and Pidsley (1988) 
compared growth responses of 16 species to salinity and found a broad physiological 
continuum ranging from a moderately salt tolerant glycophyte (Sonneratia lanceolata) to 
highly salt tolerant species that appear to require saline conditions for proper growth, i.e., 
obligate halophytes (Bruguiera parviflora and Ceriops tagal var. australis).
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There is little information about relative salt tolerance of neotropical species, 
however. A study by Pezeshki et al. (1990) examined effects of salinity on growth and 
photosynthetic responses of R. mangle, A. germinans, and L. racemosa, but the salinity 
treatments imposed (0 and 50% sea strength) were not typical of the salinity range 
normally encountered by these species.
Nutrients. Nutrient levels, particularly nitrogen and phosphorus, vary across the 
intertidal zone (Boto and Wellington, 1983; 1984). Tidal regimes influence nutritional 
status by distributing mineral sediments and affecting the redox status of the substrate, 
which in turn controls nutrient transformations and form or availability of inorganic 
nutrients. It is thought that nitrogen may be limiting to mangrove growth at low tidal 
elevations because availability of phosphorus exceeds that of ammonium, the dominant 
nitrogen form in anaerobic sediments (Boto and Wellington, 1983; 1984). At higher 
elevations, more oxidized conditions prevail, and growth may be limited by phosphorus, 
which may be less available due to precipitation with calcium, aluminum and iron oxy- 
hydroxides or by adsorption to clay (Boto and Wellington, 1983,1984). Although some 
information exists for single species (Ball et al., 1987; Naidoo, 1987; Feller, 1993), 
interspecific responses of mangroves to nutrients have not been evaluated.
Light. Light conditions in mangrove forests can vary tremendously over space and time. 
Photosynthetically active radiation (PAR) at the forest floor can differ by orders of 
magnitude from < 25- 50 |imol n r2 s’1 (dense canopy) to > 1500 pmol n r2 s' 1 (light gap) 
(Smith, 1987b; Feller and McKee, unpub. data). In addition, the annual cycle of PAR 
may be substantially dampened under a closed canopy compared to an area with a more 
open canopy or in a light gap (Smith, 1987b). Light conditions may also impact other
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environmental factors such as soil temperature, porewater salinity, and crab densities and 
species composition (Smith 1987c).
One field study examined interspecific differences in seedling growth and survival 
response to light. Smith (1987 b) found that higher light levels (canopy gaps) resulted in 
greater survival of A. marina, R. stylosa, B. gymnorrhiza, and C. australis and that this 
effect was strongest in the high intertidal. Relative growth rates (assessed as change in 
seedling height) of three of the four species were also highest in light gaps. There was a 
significant interaction between species and light, indicating that interspecific differences in 
growth rates differed between canopy and light gaps. Clarke and Allaway (1993) found 
that A. marina seedlings grew faster in canopy gaps, but that there was no effect of light 
availability on survival.
Flooding. Many investigators have stated conclusions concerning mangrove tolerance 
of flooding and associated stresses, but these have been based on correlations between 
species occurrence and flooding intensity (see reviews by Ball, 1988a; Smith, 1992).
Only four studies have attempted to experimentally compare relative flood tolerance 
among mangrove species.
Clarke and Hannon (1970) subjected seedlings of two Australian species, 
Avicennia marina and Aegiceras comiculatum to flooding in a greenhouse study.
Although the results demonstrated individual species' responses to flooding, comparisons 
between the two species were confounded by the following problems: (1) growth 
response was only measured for Avicennia and was assessed by wet shoot mass only and
(2) the two species' responses were apparently not compared simultaneously.
Smith (1987b) conducted reciprocal transplant experiments in an Australian forest 
to investigate the effect of tidal inundation and light level on growth and survival of four 
mangrove species. Only the effect of intertidal position will be considered here (effect of
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light level was discussed above). Survival of all species was greatest where flooding was 
least (i.e., high intertidal), and relative growth of Rhizophora stylosa, Avicennia marina, 
and Ceriops tagal was greater in the high versus low intertidal. Bruguiera gymnorrhiza 
performed equally well at both intertidal positions. Smith (1987b) concluded from these 
results that species zonation patterns could not be explained by differences in physio­
logical adaptation. However, his seasonal measurements of porewater demonstrated that 
salinity was substantially higher at the high intertidal plots (50-60 %o) compared to the 
low intertidal plots (35-40 %o). Thus, there was a salinity gradient present in addition to a 
flooding gradient. Although these results showed how these species responded to the 
environmental conditions present at the two intertidal locations (high flooding & sea- 
strength salinity versus low flooding & hypersalinity), they cannot be used to evaluate 
relative tolerance of flooding or salinity. It is quite possible that there were differences in 
flood tolerance among species, but these effects were probably obscured by response to 
salinity or some other factor that also varied with intertidal position.
Pezeshki et al. (1990) investigated flooding and salinity effects on growth, 
biomass partitioning, and photosynthesis of mangrove seedlings (R. mangle, A. 
germinans, L. racemosa) in the laboratory. The experimental design included 2 flooding 
levels (drained and flooded) and 2 salinity levels (0 and 50% seawater). No significant 
differences were found among treatments for L. racemosa or A. germinans in terms of 
total dry wt, height growth, or net photosynthesis. Total dry mass of R. mangle, 
however, was significantly lower in the flooded, no salt treatment compared to the other 
three treatment combinations. This effect was primarily due to changes in stem (including 
the hypocotyl) biomass since there were no significant differences among treatments for 
leaf or root biomass. There were also effects of flooding on biomass partitioning (leaf 
biomass, leaf area, leaf number, etc.) by all three species, but the response was not 
consistent across salinity levels or species. The results indicated that the three species
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were all tolerant of the salinity and flooding levels imposed, but were suggestive of 
differences in physiological response to these factors. Since flooding depths were 
shallow (5 cm) and salinity levels were low (ca. 18 %c), their study did not assess 
response to the full range of conditions typical of the mangrove habitat, and were thus 
inadequate to evaluate either flood or salt tolerance of these species.
Jimenez and Sauter (1991) also conducted a reciprocal transplant study to 
investigate interspecific differences in growth and suivival of mangrove seedlings (R. 
racemosa and A. bicolor) along a flooding gradient. As was the case with Smith's 
(1987b) study, Jimenez and Sauter's (1991) flooding gradient was also accompanied by a 
salinity gradient. The high intertidal positions were characterized by higher salinities and 
drier conditions than the low intertidal. In contrast to Smith's study, however, the 
survival and growth of all transplanted seedlings were better in the low intertidal where 
R. racemosa was dominant. They attributed reduced survival in the high intertidal zone 
dominated by A. bicolor to the higher salinities and drier conditions there. Height growth 
of R. racemosa seedlings was greater than that of A. bicolor within the low intertidal 
zone, and A. bicolor seedlings grew better than R. racemosa seedlings in the high 
intertidal zone. Thus, the authors' conclusion that species zonation was controlled 
primarily by the depth of tidal inundation refers more to drought effects, rather than 
flooding effects, combined with the differential ability of the propagules to become 
established in deeper water.
Phytotoxins. Plants growing in an anaerobic soil environment may be damaged by the 
accumulation of soil phytotoxins such as the reduced forms of iron and manganese (Jones 
and Etherington, 1970), organic acids such as formic, acetic, proprionic, and butyric 
acids (Sanderson & Armstrong, 1980), gases such as ethylene, methane, carbon dioxide 
(Koslowski, 1984), and reduced sulfur compounds (e.g., H2S) (Ponamperuma, 1972).
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Although field correlations between the spatial distributions of mangroves and patterns of 
H2S or total sulfides (Carlson et al., 1983; Nickerson and Thibodeau, 1985; Carlson and
Yarbro, 1988; McKee et al., 1988) have been reported, differential sensitivity among 
species to this phytotoxin has not been experimentally demonstrated.
Interspecific Competition
The role of interspecific competition in structuring plant communities has been 
investigated in a number of wetland systems (Grace and Wetzel, 1981; Snow and Vince, 
1984; Bertness and Ellison, 1987; Bertness, 1991) and is often invoked as a dominant 
force in mangrove forests based on work by Ball (1980) in south Florida. Ball's (1980) 
investigation, however, was limited to examinations of historical photography and 
densities of seedlings, saplings, and live and dead adult trees. The historical changes in 
species composition were attributed to competitive interactions, although no experiments 
were conducted to examine competition among the mangrove species involved.
Since Ball's investigation, only one competition experiment has been conducted 
with mangroves. Smith (1988b) examined competition between two Australian 
subspecies, C. tagal tagal and C. t. australis. The growth of each species alone was 
compared to growth in the presence of the other species. The comparisons were 
conducted at 5 salinity levels ranging from 0 to 60 ppt and at three densities. The results 
showed that the superior competitor at low versus high salinity was C. t. tagal and C. t. 
australis, respectively. These experimental results were in agreement with the relative 
positions of these subspecies in the field.
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CONCLUSIONS
There are four major processes that are important in determining spatial variation 
in species abundance across gradients in plant communities: (1) differential dispersal of 
species across the gradient, (2) differential predation pressure that varies spatially,
(3) differential tolerance of abiotic conditions along the gradient, and (4) changes in 
relative competitive ability along the gradient (Louda, 1989).
The lack of a current consensus as to what determines mangrove zonation has 
been attributed to the fact that the results of studies are site-specific and may not apply to 
other systems in which environmental conditions and species composition differ (Jimenez 
and Sauter, 1991). Although this observation is probably correct to some extent, it is 
also true that investigations that are exclusively field-oriented often suffer from an 
inability to clearly separate causal factors, particularly those related to differential 
physiological tolerance of abiotic factors. Insufficient or inaccurate information about 
species-specific responses to environmental stress factors and resource availability can 
lead to erroneous conclusions regarding constraints on plant growth and distribution.
It is clear from this review of the literature that there is little basic information 
about interspecific responses of neotropical mangroves to environmental factors that vary 
across the intertidal zone. Almost nothing is known about inherent differences in life 
history characteristics such as seedling relative growth rates, biomass partitioning, and 
content of defensive compounds that would indicate each species' potential to survive and 
grow under contrasting conditions. Previous investigations have either (1) focused 
exclusively on a single process (e.g., dispersal: Rabinowitz, 1978; predation: Smith, 
1987a, c), (2) attempted to ascertain physiological tolerance of specific abiotic factors in 
an uncontrolled, field setting (e.g., flooding: Smith, 1987b; sulfide: Nickerson and 
Thibodeau, 1985) or at inappropriate stress levels in the laboratory (e.g., salinity and
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flooding: Clarke and Hannon, 1970; Pezeshki et al., 1990), or (3) stated conclusions 
about a process that was not directly examined (e.g., competition: Ball, 1980).
A logical approach to the question of zonation should begin with a theoretical 
framework that incorporates the four basic processes known to influence plant species 
distribution. Snow and Vince (1984) working in Alaskan salt marshes, proposed three 
alternative models to account for zonation. These models are illustrated in Figure 1.1. 
The first and simplest model is that each species is restricted by physiological tolerance of 
abiotic factor(s) to a portion of the environmental gradient (Figure 1.1a). In this 
situation, the potential distribution (i.e., fundamental niche) equals the realized or 
ecological distribution. The second alternative shows that the potential distributions of 
species across the abiotic gradient broadly overlap, but that each species performs best in 
different regions (Figure 1.1 b). Dispersal, competition, and/or herbivory minimize the 
overlap in the field. In the third scenario, all species perform best in the same zone, but 
are displaced in a natural situation because of differences in physiological tolerance limits, 
competitive ability, dispersal, and vulnerability to herbivores (Figure 1.1c).
A combination of field and laboratory experiments is required to distinguish 
among these three alternative models. An examination of growth responses to variation 
in abiotic factors is necessaiy to determine each species' potential distribution. However, 
such evaluations must be conducted in isolation from the influence of biotic factors 
suchas competition and herbivory and while minimizing variation in other abiotic factors 
that affect plant growth. The evaluation of potential distribution must also be conducted 
over an ecologically-meaningful range of abiotic variables. Field investigations will not 
only aid in determining appropriate factor levels to be tested in the laboratory, but will be 
essential to the identification of factors contributing to the realized distributions.
Finally, to determine the relative impact of factors on the distribution (potential 
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the plant's life cycle. Determination of a species' potential distribution requires 
examination at the stage that directly affects distribution and which is the most vulnerable 
to the process or factor in question. For neotropical mangroves, responses of seedling 
and early juvenile stages must be elucidated before a complete understanding of 
determinants of species zonation patterns is achieved.
CHAPTER 2
MANGROVE ZONATION AND EDAPHIC CHARACTERISTICS IN A BELIZEAN
ISLAND FOREST
INTRODUCTION
A major structural characteristic of intertidal plant communities is the horizontal 
zonation pattern caused by the spatial variation in species distribution, abundance, and/or 
size and productivity of the vegetation (Pielou and Routledge, 1976; Nixon, 1982; 
Snedaker, 1982; Vince and Snow, 1984). The variation in abiotic factors that occurs 
across the intertidal zone generates a series of contrasting conditions that directly affect 
plant growth and survival. Zonation patterns in intertidal communities, for example, 
often occur in conjunction with gradients in physical and chemical factors such as depth 
and duration of flooding or salinity. Biotic factors such as predation, herbivory, 
dispersal properties, and competitive abilities also influence plant distribution patterns in a 
variety of wetlands (Rabinowitz, 1978; Grace and Wetzel, 1981; Smith and Odum, 1981; 
Smith, 1987; Bertness, 1991).
Mangrove forests, which dominate the intertidal zone along many tropical 
coastlines, exhibit distinct, recurring patterns of species distribution relative to 
environmental gradients generated by topography and tidal action (Davis, 1940; Macnae, 
1968; Boto and Wellington, 1984). Several studies have focused on a specific factor 
such as salinity (Ball, 1988), nutrients (Onuf et al., 1977) or sulfide (Nickerson and 
Thibodeau, 1985) in an attempt to explain mangrove distribution or productivity patterns. 
Few investigators, however, have simultaneously examined a variety of environmental
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factors in relation to mangrove species distribution and/or productivity (Boto and 
Wellington, 1984; Patterson and Mendelssohn, 1991).
The objective of this study was to assess vegetation patterns in relation to 
variation in edaphic conditions in a neotropical mangrove ecosystem. The study was 
conducted in Belize on a range of mangrove islands that were essentially pure, intertidal 
systems, unaffected by runnoff of freshwater, sediment, or pollutants from uplands and 
relatively isolated from anthropogenic activities.
STUDY AREA
The study site was a 7 ha mangrove island range (Twin Cays) located in a 
lagoonal environment 2.3 km west of the barrier reef crest and 17 km from the mainland 
in central Belize (16°50'N, 88°06'W) (Figure 2.1). According to corings and radiocarbon 
dating, Twin Cays was established on a limestone base formed by a Pleistocene patch 
reef and has existed for approximately 7,000 yr (Macintyre, Lighty, and Raymond,
1988). Twin Cays is composed primarily of two large islands bisected by a meandering 
channel that is 0.5-2.0 m deep. The area immediately surrounding the island range is a 
shallow (< lm deep) sand flat vegetated by turtle grass (Thalassia testudinum). The 
substrate of Twin Cays is comprised of a dense, reddish peat formed from the fine roots 
of red mangrove and sand derived from calcareous algae (Halimeda spp.).
The tides in this region are microtidal (range = 0.21 m) and of a mixed, 
semidiurnal type (Kjerfve, 1982; Urish and Wright, 1988). The topography of Twin 
Cays is characterized by a gradual elevational gradient which lies predominately within 
the intertidal zone. Although most of the island is overwashed by spring tides, some 
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Figure 2.1. Location of study site in Belize. Positions of Transects 1-4 are indicated by 
number.
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The climate is tropical with a temperature range of 21 to 33° C recorded in the 
vicinity of Twin Cays (Rutzler and Ferraris, 1982). A rainy season occurs in Belize from 
June to December with an average annual rainfall of 218 cm reported for the mainland 
coastal district of Dangriga (Rutzler and Ferraris, 1982). Humidity varies between 58 
and 96 percent (Rutzler and Ferraris, 1982). Nine hurricanes and seven tropical storms 
have passed through the region during the last century (Rutzler and Ferraris, 1982). 
Hurricanes Fifi (September 1974) and Greta (September 1978) were the most recent 
large-scale disturbances to the area, but their effects were substantially less than that of 
Hurricane Hattie (wind speed: 259 km hr1), which devastated the Belizean reefs and cays 
in October, 1961 (Stoddart, 1963).
The vegetation of Twin Cays, which is typical of Caribbean mangrove systems, is 
dominated by red mangrove, Rhizophora mangle L. The island periphery and creekbanks 
are occupied by 3-5 m tall trees, which form a closed canopy. Ponded areas in the 
island s interior are inhabited by a dwarf growth form (i.e., < 1.5 m in height) of R. 
mangle. Extensive stands of the black mangrove, Avicennia germinans (L.) Steam also 
occur in the interior of Twin Cays, just landward of the Rhizophora-dominated fringe. 
The canopy height of A. germinans stands could exceed 6 m at higher elevations, but 
could be considerably lower (< 3 m) at the margins of unvegetated flats. The white 
mangrove, Laguncularia racemosa (L.) Gaertn. f„ does not form extensive stands at 
Twin Cays, but individual trees up to 6 m tall are typically found approximately 20-25 m 
from the shoreline and interspersed with the other two species. The mangrove associate, 
Conocarpus erectus L. occurs only at a higher elevation sand spit at the southern end of 
the island range.
The most common herbaceous species at Twin Cays is Bat is maritima L., which 
proliferates in light gaps in the mangrove forest. Also found with mangroves at Twin 
Cays are Spartina spartinae, Sesuvium portulacastrum, and Distichlis spicata. Woodroffe
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(unpublished data) reported 27 species of herbs at Twin Cays in 1985, but the majority 
were confined to the sand spit at the southern part of the range.
Approximately 16 % of the island range is characterized by unvegetated flats, 
which occur in the island interior and have resulted from the dieback of mangroves. Dead 
trees and stumps (5-40 cm diameter) of A. germinans occur in these flats at densities 
similar to that in adjacent vegetated areas (K. McKee, unpublished data). The cause of 
dieback is unknown, but cannot be solely attributed to hurricane damage or clearcutting, 
since this species has the capacity to stump sprout (coppice) following damage to the 
trunk or crown of the tree (Tomlinson, 1986).
METHODS
Environmental Conditions and Zonation Patterns
Transects were established at four different locations at Twin Cays and were 
positioned to intersect three or more of the following vegetation zones typical of these 
island forests: (1) a R. mangle-dominated fringe (RF) characterized by 3-5 m tall trees 
occuring along the island periphery and creekbanks, (2) a R. mangle-dominated scrub 
zone (RS) characterized by 1.5-2.5 m tall trees found just landward of and grading into 
the RF, (3) a R. mangle-dominated dwarf zone (RD) characterized by 1-1.5 m tall trees 
located in interior ponds, (4) a R. mangle-dominated ridge (RR) characterized by 4-5 m 
tall trees located on interior ridges, (5) an A. germinans-dominated woodland (AW) 
characterized by 4-5 m tall, widely-spaced trees located landward of the RF, and (6) 
unvegetated flats (UV) located in the island interior. The position and orientation of each 
transect is indicated in Figure 2.1. All transects were traversed and the width of each 
identifiable vegetation zone was measured. Along each transect, six sampling stations 
were randomly located within each zone and the following variables measured on two
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sampling dates (June-July 1990 and December-January 1992-93): soil redox potential at 
a 1 and 15 cm depth; soil temperature; interstitial water salinity, pH, and sulfide 
concentration; and photosynthetically active radiation (PAR).
Tidal fluctuation relative to the soil surface was also compared across Transect 1 
by measuring tidal heights at high and low tides on a single date in January 1991. Height 
above and below the soil surface was determined at high and low tides, respectively, with 
a meter rule. The purpose of this determination was to provide an estimate of the 
variation in water levels and the degree to which the soil in each zone was flushed by tidal 
action. Long-term variation in tidal phenomena is a function of astronomical and 
meteorological factors and beyond the scope of this investigation.
Depth profiles of soil redox potential and temperature were determined at three of 
these sites (AW, RS, and UV) to determine the effect of differential tidal fluctuation on 
these soil factors. Soil cores (16 x 16 x 30 cm in size) were exhumed and laid on their 
sides in a shaded location. The redox electrodes were inserted from the side to the center 
of the core (ca. 8 cm deep) at 1 ,6, 12, and 24 cm from the original soil surface and 
allowed to equilibrate for 15 min before reading. The temperature probe was similarly 
inserted and readings taken after 1 min.
Six sites representative of each of the six zones described above were investigated 
more intensively. The RF, RS, RD, and RR intensive sites were located adjacent to 
Transect 1, whereas the AW and UV intensive sites occurred near Transect 2 (Figure 
2.1). Measurements of soil redox potential and temperature and porewater sulfide 
concentrations, salinity and pH were taken during January 1987 and July 1988. In 
addition, interstitial water samples and soil cores were collected for determination of 
nutrient concentrations and bulk density, respectively. Relative elevation was determined 
by measuring water depth at high tide.
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Analyses
Soil measurements. Soil redox potentials at 1 and 15 cm depths were measured with 
brightened platinum electrodes allowed to equilibrate for 15 min prior to each 
measurement. Each electrode was checked before used with quinhydrone in pH 4 and 7 
buffers (mV reading for quinhydrone is 218 and 40.8, respectively at 25 °C). The 
potential of a calomel reference electrode (+244 mV) was added to each value to calculate 
Eh. Soil temperature was determined with an ATC probe and digital meter. The 
stainless-steel sheath of the probe was inserted into the soil (5 cm depth) and allowed to 
equilibrate for 1 min before reading. Soil bulk density was determined with soil cores 
(50 cm3) collected with a piston sampler designed to minimize compaction. The cores 
were dried in an oven at 70° C and weighed. Bulk density was calculated as the oven-dry 
weight per volume.
Interstitial water measurements. Interstitial water was collected as described in McKee et 
al. (1988). Immediately upon collection, an aliquot of the interstitial water was added to 
an equal volume of an antioxidant buffer and later analyzed for sulfide with a Lazar 
sulfide microelectrode (Lazar Research Labs, 1986). Additional aliquots of interstitial 
water were collected in separate containers for the measurement of pH, salinity, and 
nutrient concentrations (after filtration through a 0.45 p. filter). Concentrations of P, K, 
Mg, Ca, Fe, Mn, Zn, and Cu were determined on filtered, acidified water samples with 
an inductively coupled plasma emission spectrometer (ICP) (Williams et al, 1986). 
Samples for ammonium determination were filtered, frozen and later analyzed according 
to US EPA Method #350.1 (US EPA, 1979).
Light levels. Photosynthetically active radiation (PAR) was measured with a quantum 
radiometer/photometer (LiCor Model LI-185A). Several measurements were taken at a
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10 cm height above the soil and averaged to give a single reading for each sampling 
station.
Statistical analyses. The data for some of the environmental variables were found to 
exhibit non-normal distributions and heterogeneous variance. Because transformation 
was not entirely successful in reversing these problems, these data were subjected to a 
nonparametric ranking procedure and multivariate and univariate analyses were performed 
on the resultant ranked variables. Repeated measures analysis of variance (ANOVA) was 
used to assess spatial and temporal differences in the environmental variables. The data 
from the four transects were analyzed with sampling date treated as a fixed effect and 
zone treated as a random effect. The data from the intensive sites were analyzed with date 
and zone as fixed effects. Significant differences among multiple means were 
distinguished with 1 degree of freedom contrasts or Scheffe's F test.
Because several of the environmental variables measured at the intensive sites 
were not independent, a factor analysis was conducted on a correlation matrix to extract 
linear combinations of multiple variables (Gorsuch, 1984). The factor extraction method 
was Principal Components Analysis. Varimax factor rotation, which provides an 
orthogonal solution, was computed. Prior to attempts to interpret the results of factor 
analysis, two evaluations were conducted. First, the measure of sampling adequacy was 
examined and determined to be greater than 0.50. Second, Bartlett's Test of Sphericity 
was conducted and the resultant chi-square value was found to be significant (P < 0.01). 
Thus, the data were suitable for factor analysis. Factor scores for each observation were 
then used as variables in a two-way ANOVA to determine if factor scores differed across 
zones and with season.
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RESULTS
Profiles of the vegetation zones encountered along the four transects are illustrated 
in Figures 2.2 and 2.3. Variation in tidal fluctuation and degree of soil flushing among 
zones (Figure 2.4) generated dramatic differences in edaphic conditions (Figures 2.5- 
2.12, Tables 2.1-2.3). Soil Eh profiles demonstrated an increase in intensity of reducing 
conditions with depth at higher elevation sites (AW zone), whereas sites with greater 
flooding depths and poor soil drainage (RS and UV zones) showed more reducing 
conditions in the top 12 cm and less variation in Eh with depth (Figure 2.5 a).
Differences in dominant species and tree vigor also affected light and temperature 
conditions in each zone (Figures 2.6-2.9). Soil temperature depth profiles showed 
different temperature ranges and patterns among some of these zones (Figure 2.5 b). 
Higher elevation sites with relatively open canopies (AW1) exhibited a decrease in soil 
temperature with increasing depth. In contrast, an unvegetated site (UV zone) with 
standing water showed lower surface temperatures and a pattern of increasing temperature 
at depths below 6 cm. Vegetated sites at lower elevations (AW2 and RS) displayed a 
pattern intermediate to that at the AW1 and UV sites.
Six vegetation zones could be distinguished based on dominant canopy species, 
size and vigor of trees, spatial position relative to the shoreline, and hydro-edaphic 
conditions:
Rhizophora Fringe (RF) Zone
The zone adjacent to open water and along tidal creeks was dominated by 3-5 m 
tall R. mangle and typically varied in width from 10-25 m (Figures 2.2-2.3). The RF 
zone was monospecific with little or no understory. Although the soil in this zone was 
consistently anaerobic, reducing conditions were highly variable. Redox potentials varied
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Figure 2.2. Vegetation profiles across Transects 1 and 2 (see Fig. 2.1 for location and 
orientation). RF = Rhizophora Fringe, AW = Avicennia Woodland, UV = Unvegetatcd, 
RR = Rhizophora Ridge, RD = Rhizophora Dwarf, RS = Rhizophora Scrub. Canopy 
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TRANSECT 4
Figure 2.3. Vegetation profiles across Transects 3 and 4 (see Fig. 2.1 for location and 
orientation). RF = Rhizophora Fringe, AW = Avicennia Woodland, UV = Unvegetaled, 
RD = Rhizophora Dwarf, RS = Rhizophora Scrub. Canopy height and surface elevation 
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Figure 2.4. Tidal heights measured relative to the soil surface in six zones (RF = 
Rhizophora Fringe, AW1 and AW2 = shoreward and landward ends, respectively, of an 
Avicennia Woodland zone, RS = Rhizophora Scrub, RD = Rhizophora Dwarf, RR = 
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Figure 2.5. Soil profiles of redox potential (Eh, mV) and temperature measured in three 
selected zones: AW1 and AW2 = shoreward and landward ends, respectively of an 
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Figure 2.6. Edaphic factors and light levels (percent of that in the open) measured in 
vegetation zones across Transect 1 during June-July (open bars) and December-January 
(patterned bars). See Figs. 2.1 and 2.2 for location and vegetation profile, respectively. 
RF = Rhizophora Fringe, AW = Avicennia Woodland, RD = Rhizophora Dwarf, RR = 
















































Figure 2.7. Edaphic factors and light levels (percent of that in the open) measured in 
vegetation zones across Transect 2 during June-July (open bars) and December-January 
(patterned bars). See Figs. 2.1 and 2.2 for location and vegetation profile, respectively. 
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Figure 2.8. Edaphic factors and light levels (percent of that in the open) measured in 
vegetation zones across Transect 3 during June-July (open bars) and December-January 
(patterned bars). See Figs. 2.1 and 2.3 for location and vegetation profile, respectively. 
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Figure 2.9. Edaphic factors and light levels (percent of that in the open) measured in 
vegetation zones across Transect 4. See Figs. 2.1 and 2.3 for location and vegetation 
profile, respectively. RF = Rhizophora Fringe, AW = Avicennia Woodland, UV = 
Unvegetated flat
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Table 2.1. Analysis of variance for environmental factors measured across Twin Cays 
during June-July and December-January. Sampling date was analyzed as a fixed effect, 
whereas zone was treated as a random effect























































































NS = not significant; * P S 0.05, *+ P £  0.01, *** P < 0.001
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Figure 2.10. Relative elevation, soil redox potential (Eh), and interstitial sulfide 
concentrations measured during January and July in the intensive sites located in six 
zones: RF = Rhizophora Fringe, RS = Rhizophora Scrub, RD = Rhizophora Dwarf, RR 
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Figure 2.11. Interstitial water pH and salinity and soil temperature measured during 
January and July in the intensive sites located in six zones:. RF = Rhizophora Fringe, 
RS = Rhizophora Scrub, RD = Rhizophora Dwarf, RR = Rhizophora Ridge, AW = 
Avicennia Woodland, UV = Unvegetated.
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Table 2.2. Analysis of variance for environmental variables measured at intensive sites 
during January and July. Zone and sampling date (repeated measure) were treated as 
fixed effects.
Source of Variation df MS F P
r
Zone 5 408 5.8 ***
Date 1 21841 387.9
Zone x Date 5 651 11.6 ***
Ehl
Zone 5 3797 30.1
Date 1 2091 16.2 ***
Zone x Date 5 473 3.7 **
m i
Zone 5 3073 26.2
Date 1 2521 13.7 ***
Zone x Date 5 834 4.5 **
m
Zone 5 1578 24.8
Date 1 14309 217.5 ***
Zone x Date 5 989 15.0
Temperature
Zone 5 1092 48.8 ***
Date 1 22225 1252.4 ***
Zone x Date 5 430 24.2 ***
Sulfide
Zone 5 4098 44.9
Date 1 1711 15.3 ***
Zone x Date 5 558 5.0
Percent Light
Zone 5 5723 134.5
Date 1 64 4.3 *
Zone x Date 5 5 0.3 NS
NS = not significant, * P < 0.05, ** P < 0.01, *** P < 0.001
Table 2.3. Concentrations of nutrient elements in the interstitial water at six representative zones (RF = Rhizophora Fringe, RS = 
Rhizophora Scrub, RD = Rhizophora Dwarf, RR = Rhizophora Ridge, AW = Avicennia Woodland, UV = Unvegetated) and two 
sampling dates (July and January). Values are the mean ± standard error (n = 6); concentration units are mM for K, Mg, and Ca and 
pM for NH4, P, Fe, Mn, Zn, and Cu. Results of an ANOVA arc given at the end of the table; F values < 0.05,0.01, and 0.001 are 
indicated by *, ** and **, respectively.
NH4-N P K Mg
ELEMENT
Ca Fe Mn Zn Cu
m
RF 2.20 36.2 12.7 41.2 7.44 4.92 0.474 0.673 5.45
(0 .21) (0.70) (0.33) (2.80) (0.030) (0.070) (0.018) (0.199) (0.126)
RS 3.24 38.9 15.9 52.1 7.29 5.53 0.474 0.658 5.13
(0.34) (0.30) (0.3) (1.24) (0.05) (0.09) (0.13) (0.107) (0.315)
RD 47.6 32.8 12.4 51.0 6.89 5.56 0.455 0.382 5.98
(6.14) (0.80) (0.3) (2.18) (0.075) (0.95) (0.06) (0.046) (0.170)
RR 26.1 34.5 13.9 43.0 6.86 5.22 0.455 0.352 5.12
(0.01) (0.50) (0.4) (3.99) (0.025) (0.16) ((0.060) (0.046) (0.54)
AW 6.91 43.2 20.2 53.9 8.23 9.20 0.601 1.18 7.54
(0 .86) ( 1-0) ( 1-1) ( 1.6) (0.05) (0.75) (0.018) (0.14) (0 .66)
UV 79.1 40.6 16.6 43.7 7.86 6.03 0.619 0.80 6.04
(4.32) (0.7) (0.6) ( 1.8) (0.26) (0.14) (0.073) (0.15) (0.55)
January
RF 2.25 42.5 8.10 39.7 7.78 5.94 0.455 1.13 1.57
(0.13) (8.7) (0.5) (3.5) (0.50) (1.49) (0.073) (0.23) (0.25)
table con'd L/l
Table 2.3 con'd.
NH4-N P K Mg
RS 3.50 34.6 10.5 51.4
(0.44) (0.8) (0.6) (0.5)
RD 52.6 33.7 11.0 52.4
(2.9) (0.3) (0.4) (3.1)
RR 27.0 34.7 8.67 42.9
(9.8) (2.4) (0.51) (4.0)
AW 6 ^ 4 36.2 11.4 55.5
(0.69) (1.3) (1.08) (1.32)
UV 89.8 40.4 8.74 43.7
(8.7) (1.5) (0.46) (2.0)
Results of ANQVA 
Source:
Zone (Z) 65.05*** 10.14*** 12.01*** 6.44***
Date(D) 3.92 11.59** 382.8*** 0.041

























































12.28*** 18.72*** 19.26*** 8.85*** 7.67***
112.8*** 7.96** 0.103 98.34*** 379.2***
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Figure 2.12. Soil bulk density and ratio of NH4-N:P concentrations in porewater 
(averaged over sampling dates) in the intensive sites located in six zones:. Significant 
differences among zones are indicated by different letters in bars (P < 0.05; Scheffe's F 
test). RF = Rhizophora Fringe, RS = Rhizophora Scrub, RD = Rhizophora Dwarf, RR 
= Rhizophora Ridge, AW = Avicennia Woodland, UV = Unvegetated.
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among RF sites from -155 mV to +139 mV near the soil surface and from -212 to +2 mV 
at a 15 cm depth (Figures 2.6-2.9a). Sulfide was usually present in the interstitial water, 
but concentrations did not exceed 0.36 mM at any RF site (Figures 2.6-2.9b). Interstitial 
water pH varied from 6.1 to 7.4 (Figures 2.6-2.9c). Light levels beneath the RF canopy 
were low, often < 10% of that in the open (Figures 2.6-2.9d). Soil temperatures were 
also relatively low and varied only slightly between sampling times (28.2 °C in 
December-January to 29.6 °C in June-July) (Figures 2.6-2.9e). Interstitial salinity was 
less than or equal to that of seawater (35 %c) and did not vary substantially among RF 
sites (Figures 2.6-2.9f). Salinity was 5-6 %o lower in December-January compared to 
June-July.
Soil characteristics measured at the intensive RF site (Figures 2.10-2.11) were 
similar to that observed at Transects 1-4. Redox potentials and sulfide concentrations 
indicated reducing conditions that increased in intensity during July (Figure 2.10 b and 
c). Salinity was less than 35 %o in January, but increased to 41 % c in July (Figure 2.11). 
NH4 concentrations were low in the interstitial water, but other nutrients were equal to or 
greater than that measured at other sites (Table 2.3). The ratio of NH4-N : P 
concentrations was less than 0.10 (Figure 2.12). Except for Zn and Cu, interstitial 
nutrient concentrations in the RF zone were similar at both sampling times. Bulk density 
was higher than that in the RD zone, but similar to that in the other zones (Figure 2.12).
Avicennia Woodland (AW) Zone
All four transects traversed interior sites dominated by 4-5 m tall A. germinans 
trees. These sites were typically at higher elevations and inundated less deeply and 
frequently compared to the zones dominated by R. mangle (Figure 2.4). Most of the AW 
sites were located adjacent to an unvegetated flat and exhibited a gradual decrease in tree 
size, terminating in dieback in the island interior.
49
Surface Eh varied from -9 to +179 mV, and Eh at a 15 cm depth varied from -129 
to +23 mV (Figures 2.6-2.9a). Sulfide concentrations in the interstitial water were 
typically low (< 0.01 mM) and did not exceed 0.17 mM at any AW site (Figures 2.6- 
2.9b). Interstitial water pH varied from 5.9 to 6.2 (Figures 2.6-2.9c). The canopy 
structure in the AW zone was relatively open, and light levels varied from 20 to 60% of 
that in the open (Figures 2.6-2.9d). Soil temperatures varied from 26.8 to 29.0 °C in 
December-January and from 30.7 to 33.4 °C in June-July (Figures 2.6-2.9e). Although 
salinities were relatively low in December-January (36-38 %o), they exceeded 60 % o at all 
AW sites in June-July (Figures 2.6-2.9f).
Conditions at the intensive AW site (Figures 2.10-2.11) were similar to that 
observed at Transects 1-4. The soil was not greatly reducing and sulfide concentrations 
were barely detectable (Figure 2.10). Porewater salinity was less than 35 %c in January, 
but increased to above 55 %© in July (Figure 2.11). The AW zone also had higher 
concentrations of Mn, Zn, Cu, P, K, and Fe during June-July compared to that at other 
sites (Table 2.3). In December-January, however, these nutrient concentrations were 
similar to that at other sites. NH4 concentrations were relatively low at this site and 
significantly different from other sites (Table 2.3). The ratio of NH4-N:P concentrations
was low, but significantly higher than that measured at the RF site (Figure 2.12). Bulk 
density was similar to that measured at the RF site (Figure 2.12).
Rhizophora Scrub (RS) Zone
In some locations, the RF zone graded into a landward zone also dominated by R. 
mangle, but characterized by trees of a smaller stature (1.5-2.5 m in height) and thinner 
canopy (e.g., Transect 2, Figure 2.2). In other locations, a RS zone occurred landward 
of the AW zone (e.g., Transect 3, Figue 2.3). The width of this zone varied substantially 
at Twin Cays, but the sites intersected by the sampling transects averaged 30 m in width.
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Tidal fluctuation occurred, but soil drainage at low tide was minimal (Figure 2.4). 
Consequently, the soil was strongly reduced at both RS sites and showed little variation 
with depth or sampling time (Figures 2.5, 2.7a and 2.8a). The sulfide concentrations in 
the interstitial water were somewhat elevated at both RS sites and exceeded 0.5 mM in 
June at transect 2 (Figure 2.7b). Interstitial pH varied slightly from 6.2 to 6.7 (Figures 
2.7c and 2.8c). Light levels in the RS zone were 50-70% of that in the open due to a 
thinner canopy (Figures 2.7d and 2.8d). Soil temperatures, however, were not greatly 
elevated and varied from 28.8 to 29.6 °C (Figures 2.7e and 2.8e). Interstitial salinities 
indicated slightly hypersaline conditions in June-July at transect 2 and in Decern ber- 
January at transect 3 (Figures 2.7f and 2.8f).
At the RS intensive site, the soil was somewhat more reducing compared to the 
RF and AW sites, and porewater salinity was relatively high (Figures 2.10-2.11). 
Interstitial nutrient concentrations and soil bulk density were similar to that measured in 
the RF zone, but were lower than that in the AW zone (Table 2.3, Figure 2.12).
Rhizophora Dwarf (RD) Zone
Two of the transects intersected interior ponds dominated by dwarf R. mangle 
trees (< 1.5 m height). These sites rarely drained at low tide and were thus characterized 
by standing water (Figure 2.4). Redox potentials indicated slightly to strongly reducing 
conditions at the RD sites (Figures 2.6a and 2.8a). Sulfide concentrations were elevated 
and varied from 0.4 to 2.9 mM (Figures 2.6b and 2.8b). Interstital pH varied from 6.6 
to 7.1 (Figures 2.6c and 2.8c). The individual tree canopies did not overlap, and light 
levels were consequently high in this zone (Figures 2.6d and 2.8d). Soil temperatures 
were moderate, however, and did not exceed 30.3 °C (Figures 2.6e and 2.8e). Interstitial 
salinities were consistently low and remained below 40 %o at all sampling times (Figures 
2.6f and 2.8f).
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Soil characteristics at the RD intensive site (Figures 2.10-2.11) were similar to 
that at Transects 1 and 3. The soil was strongly reducing, but concentrations of sulfide 
were not greatly elevated (Figure 2.10). Porewater salinity was less than 40 %o on both 
sampling dates (Figure 2.11). The RD intensive site had significantly higher 
concentrations of NH4, Mg, and Cu and lower P and Zn than the RF zone (Table 2.3). 
The ratio of NH4-N : P was 1.8 and 2.0 in July and January, respectively (Figure 2.12). 
Soil bulk density was lower at the RD site than in all other zones (Figure 2.12).
Rhizophora Ridge (RR) Zone
Transect 1 intersected an interior ridge dominated by 4-5 m tall R. mangle trees. 
This site was characterized by moderate tidal fluctuation with some soil drainage (Figure 
2.4). Measurement of Eh indicated moderately to strongly reducing soil conditions and 
low sulfide concentrations (Figure 2.6 a & b). Interstitial water pH was 6.4 to 6.5 (Fig. 
2.6c). The canopy was well-developed, and light levels were low (Figure 2.6d). Soil 
temperatures varied from 27.2 °C in December to 29.0 °C in June (Figure 2.6e). 
Interstitial water salinity at this site varied from 34 % c (December-January) to 43 %o 
(June-July) (Figure 2.6f).
The RR intensive site measurements also indicated low to moderate waterlogging 
and porewater salinity at the RR site (Figures 2.10-2.11). P, K, Mn, and Cu 
concentrations were similar to that measured in the RD zone (Table 2.3). Concentration 
of NH4 was significantly lower than that in the RD zone but higher than that in the RF, 
RS, and AW zones. The NH4-N:P ratio was approximately 1.0 (Figure 2.12). Soil bulk 
density was intermediate to that in the RF and RD zones (Figure 2.12).
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Unvegetated (UV) Zone
Interior sites devoid of vegetation were characterized by low elevations and poor 
drainage (Figure 2.4). Soil Eh values were consistently < -150 mV and sulfide 
concentrations ranged from 1.45 to 1.72 mM in the winter (Figures 2.6b, 2.7b, & 2.9b). 
Sulfide concentrations were much lower (0.13-0.18 mM), however, during June-July. 
Interstitial pH varied from 6.4 to 7.4 (Figures 2.6c, 2.7c, & 2.9c). Because there was no 
vegetation, light levels were high (Figures 2.6d, 2.7d, and 2.9d). Soil temperatures were 
moderate during December-January, but became elevated during June-July and exceeded 
33 °C at two UV sites (Figures 2.6e, 2.7e, and 2.9e). Interstitial salinities were relatively 
low, however, and did not exceed 43 %c at any transect (Figures 2.6f, 2.7f, and 2.9f).
Measurements conducted at the UV intensive site also indicated strongly reducing 
conditions (Figure 2.10). Sulfide concentrations and porewater salinity were elevated 
during July (Figure 2.10-2.11), however, in contrast to that observed at Transects 1, 2 
and 4. NH4 and Zn concentrations at the UV zone exceeded that at all other sites (Table
2.3). P, K, Fe, Mn, Zn, and Cu were also high but less than or equal to that at the AW 
zone (Table 2.3). The ratio of NH4-N : P exceeded 2.5 on both sampling dates (Figure 
2.12). Soil bulk density was higher here than at any other intensive site (Figure 2.12).
Factor Analysis
Several of the environmental factors measured at the intensive sites had 
correlations that exceeded 0.5, suggesting that factor analysis would be appropriate to 
further characterize the environmental conditions associated with the vegetation zones. 
Factor analysis revealed four eigenvalues greater than 1, indicating that there were four 
factors that could be extracted from the data (Table 2.4). The first three factors accounted 
for 68.3% of the total variation in the data and the fourth factor accounted for an 
additional 8.1%. The first factor was interpreted as a salinity factor with high positive
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loadings of interstitial salinity, soil temperature, and K concentration. Cu also showed a 
high positive loading on factor 1. The second factor was interpreted as a flooding factor. 
Eh at 1 and 15 cm depths and relative elevation had high negative loadings and sulfide 
and NH4 concentrations had high positive loadings on this factor. Percent light was also 
positively correlated with factor 2. The third factor was interpreted as a nutrient factor 
with high positive loadings of Mn, Zn, Fe, and P. Bulk density also showed a relatively 
high positive loading on factor 3. The fourth factor was interpreted as a Mg factor with 
this variable showing a high positive loading. Ca loaded equally on two factors, 
negatively on factor 1 and positively on factor 4.
When the factor scores for each observation were subjected to analysis of 
variance, highly significant effects of zone (Factor 1: F530 = 14.5, P = 0.0001; Factor 2: 
F5,30 = 175.7, P = 0.0001; Factor 3: F5;3o= 51.4, P = 0.0001; Factor 4: F5;3o= 10.5, P 
= 0.0001), sampling date (Factor 1: F130 = 2784, P = 0.0001; Factor 2: F130 = 5.68, P 
= 0.0236; Factor 3: not significant (P > 0.05); Factor 4: F130 = 21.98, P = 0.0001), and 
interaction between zone and date (Factor 1: F530 = 25.90, P = 0.0001; Factor 2; F530 = 
5.12, P = 0.0016; Factor 3: F530 = 5.46, P = 0.0011; Factor 4: F530 = 4.09, P =0.006) 
were found. The average factor scores for each of the vegetation zones were plotted 
along three axes, each corresponding to the first three factors (Figure 2.13). These plots 
illustrate the position of the vegetation zones relative to the flooding, salinity, and nutrient 
factors extracted from the environmental data. Overall, the major factors separating zones 
were flooding and nutrients. Zone separation by the flooding factor was greater in July 
compared to January. The nutrient factor further distinguished the different zones, but 
did not differ with season. The salinity factor was somewhat important in zone sep­
aration, but primarily explained seasonal differences. The RD and UV zones occurred 
together at the high end of the flooding factor axis at both sampling dates (Figure 2.13 
and & b). The AW site was characterized by low flooding at both sampling times. The
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Table 2.4. Correlations of environmental variables measured along Transects 1-4 with 
factors. Ehl and Ehl5 = soil redox potentials at 1 and 15 cm depths, respectively; 
percent light = percent of that measured in the open.
FACTOR
1 2 3 4
Variable
Salinity 0.935 0.026 0.166 0.024
Ehl 0.217 -0.844 0.213 -0.117
Ehl5 0.233 -0.822 0.104 0.024
Relative Elevation -0.076 -0.865 -0.105 -0.173
pH -0.708 0.441 0.225 0.001
Soil Temperature 0.908 0.249 0.037 0.009
Sulfide 0.278 0.701 0.067 -0.308
Percent Light 0.116 0.873 0.105 0.173
Bulk Density -0.085 -0.071 0.689 -0.145
n h 4 0.002 0.700 0.260 -0.075
P 0.37 0.006 0.779 0.088
K 0.918 -0.058 0.112 0.219
Mg 0.163 0.038 -0.068 0.921
Ca -0.505 0.171 0.321 0.597
Zn -0.502 -0.048 0.720 0.075
Cu 0.852 -0.009 0.235 -0.218
Fe 0.249 -0.012 0.825 -0.006
Percent variance explained by each factor 
27.0 23.5 17.8 8.1
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Figure 2.13. Plots of average factor scores for vegetation zones (RF = Rhizophora 
Fringe, AW =Avicennia Woodland, RS = Rhizophora Scrub, RD = Rhizophora Dwarf, 
RR = Rhizophora Ridge, UV = Unvegetated flat. Axes correspond to Factor 1 (salinity), 
Factor 2 (flooding), and Factor 3 (nutrient) (see Table 2.4) extracted from environmental 
data collected during July (a) and January (b).
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RR, RF and RS sites exhibited intermediate flooding at both sampling dates. The AW 
and UV sites had high nutrient availability on both sampling dates, whereas the RD, RS, 
RR, and RF sites showed low to intermediate nutrient characteristics.
DISCUSSION
The mangrove habitat is characterized by anaerobic, saline soils, but the intensity 
of these stresses varies spatially and temporally. The soil redox status across a mangrove 
forest may range from slightly to strongly reducing with a concomitant accumulation of 
the phytotoxin, hydrogen sulfide (Carlson et al., 1983; Nickerson and Thibodeau, 1985; 
McKee et al., 1988; this study, Figs. 2.5-2.10). These conditions can affect plant 
growth directly by inhibiting root aerobic metabolism (McKee et al., 1988; Koch et al., 
1990) or indirectly by affecting uptake or availability of nutrients (Trought and Drew, 
1980; Koch et al., 1990). Tidal exchange introduces various toxic ions such as Na+ and 
Cl', and salinity often exceeds sea strength in the porewater at Twin Cays (Figures 2.6- 
2.9, 2.11). Salt exclusion by mangroves minimizes ion toxicity, but accelerates water 
deficit; salt absorption aids in osmotic adjustment but can lead to ion toxicity and 
nutritional imbalance (Ball, 1988a). Soil temperature, which varied with depth and 
season at Twin Cays (Figures 2.5-2.9, 2.11), affects bacterially-mediated nutrient 
transformations and uptake of nutrients by plant roots (Marschner, 1986).
Although mangroves exhibit adaptations for avoidance or tolerance of reducing 
conditions and salinity (Tomlinson, 1986; Ball, 1988), there is a limit to which these 
strategies can allow continued survival in extreme environments. Even when stresses are 
less extreme, the cost associated with stress avoidance or tolerance strategies results in 
differential growth and biomass production. Where environmental conditions strongly 
inhibit mangrove growth but do not impair survival, physiognomy of the vegetation can
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be altered, resulting in zonal patterns characterized by variation in size and vigor of 
mature plants, in addition to differences in species composition (Figures 2.2-2.3).
Vegetation Zonation Patterns
Mangrove zonation at Twin Cays, Belize was characterized by a shoreline fringe 
of R. mangle, followed in some areas by a landward zone of A. germinans at higher 
elevations and unvegetated flats or ponds occupied by stunted R. mangle trees in the 
center of the islands. This pattern was somewhat similar to that described for other island 
forest systems in the Caribbean and Florida (Cintron et al., 1978; Carlson et al., 1983). 
The vegetation structure of islands along the south coast of Puerto Rico was characterized 
by a coastal fringe of R. mangle, a zone of live A. germinans at higher elevations, 
grading into a zone of dead trees and a central, hypersaline lagoon (Cintron et al., 1978). 
An overwash island forest (4.8 ha.) near Fort Pierce, Florida had a monospecific fringing 
zone of R. mangle (10-30 m wide) and a central zone (70-100 m wide) of A. germinans 
dominating the canopy with a subcanopy of R. mangle. The A. germinans-dommmt 
zone was at a 15 cm higher elevation and had a higher salinity than the R. mangle- 
dominant zone. Although there are differences in the precise zonation pattern among 
these geographic locations, all are characterized by distinct species distributions relative to 
tidal inundation and salinity. Rhizophora mangle occupies lower elevations with greater 
tidal inundation, but moderate salinity, whereas A. germinans is dominant at higher 
elevations and reduced tidal flooding, but where hypersaline conditions develop. The 
white mangrove, L. racemosa is not abundant in these systems and is generally restricted 
to higher elevation areas of moderate salinity and/or tidal flooding.
In addition to spatial variation in species distribution, the physiognomy of trees at 
Twin Cays also varied substantially. The decrease in size and vigor of trees with
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In addition to spatial variation in species distribution, the physiognomy of trees at 
Twin Cays also varied substantially. The decrease in size and vigor of trees with 
increasing distance from the shoreline was indicative of the physiological response of the 
vegetation to spatial variation in growth-limiting factors. Rhizophora mangle trees were 
observed to vary in size from the creekbank (4 m in ht, 10 cm dbh) to an interior pond (< 
1.5 m ht, 1.5 cm dbh) (McKee, unpublished data). The intervening vegetation was 
intermediate in size, indicating a gradient in conditions contributing to growth inhibition. 
The stunted individuals occupying the interior ponds were not saplings, but trees 
estimated to be at least 40 yr old based on leaf scar counts and leaf production rates 
(Feller, 1993). Avicennia germinans trees also exhibited variation in size from a high 
elevation site (5 m ht, 13 cm dbh) to the edge of an unvegetated flat (2.2 m, 1.5 cm dbh) 
(McKee, unpublished data). The occurrence of A. germinans stumps within these 
unvegetated zones was further indication that conditions in the island interior are 
inhibitory to growth and survival of adult vegetation. In addition, minimal seedling 
recruitment to these areas (based on seven years of observations) indicates that the 
conditions associated with this habitat have severely inhibited regeneration.
Physicochemical Conditions
Because Twin Cays is isolated from the effects of agricultural and urban activities 
and runnoff of freshwater and sediments, most of the variation in physicochemical factors 
across the islands can be attributed primarily to elevational differences in tidal flooding. 
The periodic rise and fall of the tide is a dominant force in mangrove forests and other 
coastal wetlands. Tidal phenomena act as a stress to plants living in the intertidal habitat 
by generating anaerobic, saline soils and by periodic submergence. The tides also act as a 
subsidy by removing accumulated salts, re-aerating the soil, and introducing sediment 
and nutrients. The impact of hydrology on soil chemistry is well-recognized for wetlands
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Relative Elevation and Tidal Fluctuation. Relative surface elevations across sampling 
sites at Twin Cays varied from 4 (RR zone) to 45 (RD zone) cm below high tide level. In 
addition to variation in surface elevation, there was a decrease in tidal height fluctuation 
with increasing distance from the shoreline (Figure 2.4). This pattern is substantiated by 
measurements of tidal flow rates and velocities, which decrease from a maximum (0.14 
m3 s '1 and 0.055 m s_1, respectively) in the central channel to the interior of the island 
(Urish and Wright, 1988). The result is a dampening of tidal action from the shoreline to 
interior ponds and unvegetated flats. Thus, although the 21 cm tide range at Twin Cays 
is small, the 40 cm elevational range and spatial variation in tidal velocities have resulted 
in considerable variation in depth and duration of flooding over the soil surface as well as 
degree of soil drainage (Figure 2.4).
Soil Type and Bulk Density. Wetland soils are typically classified into two types:
(1) mineral soil or (2) organic or peat soil (histosol) (U.S. Soil Conservation Service, 
1985). Soils with less than 20 to 35 % organic matter (dry wt basis) are defined as 
mineral soils. Organic or peat soils have high contents of organic matter and differ 
substantially from mineral soils in a number of physicochemical attributes (Richardson et 
al., 1978). In comparison to mineral soils, organic soils have low bulk densities, a 
higher porosity (percentage of pore spaces), higher water holding capacity, lower 
hydraulic conductivity, lower nutrient availability (due to minerals being bound in organic 
forms), a higher cation exchange capacity dominated by hydrogen ions, and an acid pH.
The soil substrate at Twin Cays was classified as a peat, resulting from low root 
decomposition rates under anaerobic and low nutrient conditions. The bulk density 
varied between 0.05 and 0.30 g cm3 (Fig. 2.12 a) and reflected the low mineral sediment 
input. Bulk density of organic soils varies from less than 0.05 g cm3 (sphagnum bogs)
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varied between 0.05 and 0.30 g cm3 (Fig. 2.12 a) and reflected the low mineral sediment 
input. Bulk density of organic soils varies from less than 0.05 g cm3 (sphagnum bogs) 
to 0.2-0.3 g cm3 in well decomposed organic soils (Brady, 1974), whereas mineral soils 
have higher bulk densities (1.0-2.0 g cm3) (Richardson et al., 1978). Bulk density has a 
large impact on the hydraulic conductivity (i.e., permeability) of a soil (Richardson et al., 
1978). Although mineral soils with high bulk densities typically have a higher hydraulic 
conductivity than organic soils, the degree of decomposition and fiber content determine 
permeability of peat. Hydraulic conductivity of organic peat soils has been shown to 
increase by two orders of magnitude with decreases in bulk density (0.195 to 0.075 g 
cm3) and increases in fiber content (33 to 67 % d wt) (Verry and Boelter, 1979). Peats 
composed of plant material from different species often differ in their permeability 
(Ingram, 1983). Thus, in addition to tidal height fluctuation at Twin Cays, zonal 
differences in bulk density may also contribute to the degree to which the soil is flushed 
of accumulated toxins.
Soil Redox Potential. Inundation of soils with water rapidly leads to anaerobic conditions 
due to a 10,000 times slower diffusion rate of oxygen in aqueous solution compared to 
air (Gambrell and Patrick, 1978). Once oxygen is depleted by soil and plant root 
respiration, soil microorganisms utilize alternate oxidants (NO3-, Mn**4 , Fe+3, S04=) as 
electron acceptors. This process results in decreased availability of oxygen for root 
respiration, variation in availability and form of plant nutrients, and a build-up of toxic, 
reduced compounds in the soil. Soil Eh is a measure of the intensity of soil reduction, 
and low (< -100 mV) values are characteristic of strongly reducing conditions (Patrick 
and Delaune, 1977). Because oxygen is not typically present in a flooded soil, alternative 
methods that rely on measurement of oxygen content or diffusion rate do not provide 
sufficient information about soil oxidation-reduction status.
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Measurement of soil Eh across Twin Cays indicated variation in oxidation- 
reduction status among zones and with sampling date. Soils in areas dominated by A. 
germinans trees were consistently less reduced than areas dominated by R. mangle. 
Higher elevations and decreased inundation in Avicennia woodlands contributed to better 
soil aeration and less reducing conditions. Patterson and Mendelssohn (1991) also found 
higher soil Eh in an A. germinans-dominated zone in Louisiana compared to values in a 
lower elevation zone dominated by the salt marsh grass, Spartina altemiflora. Boto and 
Wellington (1984) reported lower Eh values in less frequently inundated mangrove areas 
in Australia, although these sites were at higher elevations.
Interior sites without vegetation (UV zone) or with stunted trees (RD zone) 
exhibited poor drainage and strongly reducing soils. Low soil Eh has been shown to 
reduce the growth of intertidal plant species (Howes et al., 1981; Mendelssohn et al., 
1981; Koch and Mendelssohn, 1989) and could have contributed to the decreased size 
and vigor of mangroves in the central portions of Twin Cays. Although mangroves are 
highly flood tolerant due to anatomical, morphological and metabolic adaptations that 
allow avoidance or tolerance of low oxygen conditions (Scholander et al., 1955; McKee 
and Mendelssohn, 1987), there may be severe limitations to growth where reducing 
conditions become intense or occur in conjunction with other stress factors (e.g. salinity 
or low nutrient availability).
Mangroves may also affect the redox status of the soil through leakage of oxygen 
from the roots into the rhizosphere. Boto and Wellington (1984) found that the soil redox 
status in an Australian mangrove forest varied positively with plant biomass and was 
highest during periods of increased plant growth. Their work suggested an effect of the 
mangrove vegetation on soil Eh via leakage of oxygen or metabolites from the roots.
Other research also supports the occurrence of oxygen leakage from mangrove roots and 
effects on rhizosphere oxidation-reduction status (Thibodeau and Nickerson, 1986;
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unvegetated areas at Twin Cays probably reflects the absence of vegetation (Figures 2.5- 
2 . 10).
Oxidation-reduction reactions also affect soil pH. Organic soils tend to be acidic, 
but reduction of Fe+3, Mn+4, and S04= consumes hydrogen ions and causes pH to rise 
and stabilize near 7 (Patrick and Delaune, 1977; Giblin and Howarth, 1984). This 
inverse relationship between pH and Eh partly explains the higher pH in more reducing 
soils (e.g., unvegetated flats) at Twin Cays. However, the presence of plants may also 
decrease pH by release of organic acids and carbon dioxide and by the uptake of NH4+ 
(Marschner, 1986).
Sulfides. Sulfate is the second most abundant anion in seawater and begins to be reduced 
under anaerobic conditions after N(>3‘ , Mn*4, and Fe+3 have been reduced (Patrick and 
Delaune, 1977). The reduction of sulfate is carried out by true anaerobes (e.g., 
Desulfovibrio) and is thus dependent on anoxic conditions (Postgate, 1959). Sulfate 
reduction is also influenced by temperature and rates increase in warmer conditions.
Thus, the higher concentrations of sulfide in areas of poor drainage and low plant 
biomass at Twin Cays reflect consistently anoxic conditions and higher soil temperatures.
A pattern of higher sulfide was observed during June-July sampling dates at all 
sites except the unvegetated flats at Transects 1, 2 and 4 (Figures 2.6-2.10). The reason 
for lower interstitial sulfide concentrations during June-July at these sites was not readily 
apparent, but may have resulted from an effect of extreme soil temperatures generated in 
these open areas. Max-min thermometers buried in the soil in unvegetated flats indicate 
that temperatures at a 6 cm depth can sometimes reach 46 °C (McKee, unpublished data). 
Overall, sulfide concentrations were elevated in the unvegetated flats and probably 
reflected poor drainage and an absence of vegetation.
63
Concentrations of sulfide were always low in Avicennia woodlands. Patterson 
and Mendelssohn (1991) could not find detectable levels of sulfide in the Avicennia- 
dominated portion of a mangal-sait marsh community in Louisiana. Nickerson and 
Thibodeau (1985) also reported lower concentrations of hydrogen sulfide beneath A. 
germinans compared to R. mangle-dominated areas in the Bahamas.
A phytotoxic effect of sulfide has been demonstrated for salt marsh species 
(Goodman and Williams, 1961; Koch and Mendelssohn, 1989; Koch et al., 1990) and 
has been postulated as a factor controlling distribution of mangrove species (Nickerson 
and Thibodeau, 1985). The spatial association of A. germinans with more oxidized, low 
H2S areas led Nickerson and Thibodeau (1985) to speculate that this species was capable 
of oxidizing its rhizosphere and to colonize areas with high concentrations of H2S. A 
failure to find a similar oxidizing effect by R. mangle was interpreted as evidence 
supporting a greater sulfide sensitivity by this species. Subsequent work demonstrated 
that sulfide concentrations near adult R. mangle root systems were just as low or lower 
than that measured near A. germinans (McKee et al., 1988). The occurrence of R. 
mangle in areas characterized by high sulfide concentrations at Twin Cays is also not 
consistent with Nickerson and Thibodeau's (1985) conclusions about this species' sulfide 
tolerance.
Salinity. Minimal exchange between tidal water and interstitial water, combined with 
high evapotranspiration rates often results in hypersalinity in mangrove forests (Cintron et 
al., 1978; Boto and Wellington, 1984). At Twin Cays, interstitial salinity was 
consistently elevated during June-July at higher elevation sites dominated by A. 
germinans. Less frequent flushing of the soil in these areas may allow buildup of salts 
over time. Lower temperatures, higher rainfall, and increased tidal fluctuation probably 
contributed to the lower salinity observed during the period of December-January.
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Passioura et al. (1992) have proposed a model that predicts that in poorly flushed 
areas, exclusion of salt by mangrove roots could increase salinity in the soil until water 
uptake by the plants is limited. They further speculate that the dieback of Avicennia 
marina at interior sites in an Australian forest is due to this process. A progressive 
decline in forest vigor (tree height decreased from 6 to < 1 m) occurred with increasing 
distance from tidal creeks and was accompanied by increases in soil salinity. This 
description is strikingly similar to the patterns observed at Twin Cays where size and 
vigor of trees declined with increasing distance from the shoreline. The latter situation, 
however, cannot be attributed solely to salinity increases. Flooding-related stresses also 
increase with increasing distance from creekbanks and in conjunction with A. germinans 
(R = -0.92) and with R. mangle (R = -0.91) tree size (McKee, unpublished data).
Nutrient Concentrations. Nitrogen is an important nutrient that may be limiting in 
wetlands (Mitsch and Gosselink, 1986). The form and availability of nitrogen in soils are 
influenced by a number of reactions, including mineralization, nitrification, 
denitrification, and nitrogen fixation (Patrick and Mikkelsen, 1971). In the absence of 
oxygen, any available NG3- is reduced to NH4+ In anaerobic soils, the dominant 
nitrogen form is NFLC, but nitrification can take place in the narrow oxidized layer at the 
soil surface or in the oxidized rhizosphere (Kaplan et al., 1979; Valiela and Teal, 1979; 
Boto and Wellington, 1984). The resultant NC>3‘ can then diffuse back into the anaerobic 
bulk soil, where it is subject to denitrification (Patrick, 1960). Tidal fluctuation generates 
conditions promoting nitriflcation-denitrification reactions, which represent a significant 
pathway for loss of nitrogen from wedand systems (Whitney et al., 1981; Patrick and 
Reddy, 1976).
Concentrations of NH4+, the dominant nitrogen form in mangrove soils (Boto 
and Wellington, 1984), varied substantially at Twin Cays. The relatively higher
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concentrations of NFLC in the dwarf Rhizophora and unvegetated zones may be a 
consequence of a combination of factors, including reduced plant uptake, minimization of 
nitrification-denitrification reactions (due to constant flooding over the soil surface), and 
nitrogen fixation.
The availability of phosphorus is affected indirectly by oxidation-reduction 
reactions and is generally more available under reducing conditions (Patrick and 
Mikkelsen, 1971). Under aerobic conditions phosphate is bound as insoluble-ferric 
phosphate, but is released when ferric iron is reduced to the ferrous form. The pattern of 
P availability in mangrove forests does not agree with predictions related to soil redox 
status, however. At Twin Cays, elemental P concentrations in the interstitial water were 
lowest at sites characterized by strongly reducing soils (e.g., dwarf Rhizophora zone) 
(Table 2.3). The phosphorus pattern here is obviously influenced by some factor other 
than soil redox status since porewater P concentrations were not correlated with flooding- 
related factors (Table 2.4). Boto and Wellington (1984) also found that extractable PO4- 
P was consistently lower at sites with more reducing soils (even though they occurred at 
higher elevation sites).
The high N:P ratio in the dwarf Rhizophora zone suggests that phosphorus, rather 
than nitrogen, would be more likely to be limiting growth here. Fertilization of dwarf 
trees at Twin Cays demonstrated that enrichment with P and NPK, but not N, caused 
significant increases in growth over that of controls (Feller, 1993). This result, however, 
must be interpreted with caution relative to the primary growth-limiting factor in these 
interior ponds. The concurrent low Eh and standing water suggest the possibility that 
phosphorus is only secondarily limiting via inhibitory effects of reducing conditions on 
root growth and acquisition of nutrients. Phosphorus enrichment could result in 
improved growth by circumventing factors inhibiting nutrient acquisition.
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Availability of Fe, Mn, Cu and Zn is also reported to be influenced by soil redox 
processes (Gambrell and Patrick, 1978). Persistent reducing conditions promote the 
release of these metals from oxyhydroxides (Ponnamperuma, 1977), but where high 
concentrations of hydrogen sulfide occur, they may be precipitated out of solution as 
sulfides (Feijtel et al., 1988). There was no indication of a correlation, however, of these 
elements with flooding-related factors such as Eh and sulfide (Table 2.4). Instead, 
interstitial concentrations of Cu were correlated with salinity-related factors, and Fe, Mn, 
and Zn concentrations were highest in the zones with the highest bulk densities (e.g., AW 
and UV zones). While the better drained conditions in the AW zone would promote 
higher concentrations of Fe, Mn, and Zn, the sulfide concentrations in the UV zone 
should have been high enough to result in their precipitation. Carlson et al. (1983) found 
high concentrations of Fe in an A. germinans zone, but consistently lower concentrations 
in a R. mangle zone. They attributed the difference to iron sulfide precipitation in the R. 
mangle zone. The reason for higher concentrations of micronutrients in the UV zone is 
not clear, but could be simply due to less plant uptake. The similarity of nutrient patterns 
between the AW and UV sites may reflect their close spatial association (Figures 2.2-2.3) 
and the fact that UV sites were previously occupied by A. germinans (based on 
identification of stumps and dead trees).
K, Mg, and Ca concentrations were high in the porewater at the AW site, 
particularly during July. Higher evapotranspiration rates and less soil flushing probably 
account for the accumulation of these elements at higher elevation sites. K was clearly 
correlated with salinity-related factors, but Mg and Ca exhibited different patterns (Table
2.4). Mg concentrations were highest at the RS, RD, and AW sites, which were 
characterized by low soil flushing during tidal cycles (Figure 2.4). These results suggest 
that Mg concentration in the intersitital water is primarily influenced by the degree of tidal
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exchange. The concentration of Ca was positively correlated with Mg and negatively 
correlated with salinity-related factors (Table 2.4).
CONCLUSIONS
Classical community ecologists considered mangrove zonation to be a reflection 
of succession in which changes in species composition were driven solely by autogenic 
processes (e.g., Davis, 1940). In this view, mangrove ecosystems were thought to be a 
transient stage in the development of a terrestrial, tropical forest. At the opposite extreme, 
other workers have viewed mangrove zonation as a response to variation in 
environmental conditions, which were primarily the result of geomorphic processes (e.g., 
Thom, 1984). In regions receiving high inputs of terrigenous sediments, mangrove 
distribution patterns were thought to vary depending on individual species' responses to 
variation in edaphic conditions, which were largely influenced by allochthonous input.
The view that vegetation patterns in mangrove forests are the result of strictly 
allogenic or autogenic forces is contrary to modern theories of wetland development and 
succession (Mitsch and Gosselink, 1986). Both processes are considered to be important 
forces influencing wetland vegetation. The soil surface of intertidal plant communities 
accrete through the deposition of organic matter and inorganic sediments. Where input of 
inorganic sediments is low, accumulation of organic matter is essential to maintain 
elevations during periods of sea level rise. Mangrove forest development and succession 
is thus controlled by the balance between autogenic (e.g., peat accumulation) and 
allogenic (e.g., sediment transport, tidal fluctuation) processes (Lugo, 1980).
The development of Twin Cays has obviously been influenced by autogenic 
processes in response to changing sea level. Since its inception on a Pleistocene 
limestone base, this mangrove island range has developed via a rapid accumulation of
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mangrove peat and Halimeda-derived sand, which kept pace with rising sea level during 
the Holocene transgression (Macintyre, et al., 1988).
Figure 2.14 presents a conceptual model illustrating how autogenic and allogenic 
factors have interacted to generate the vegetation zonation patterns at Twin Cays. Spatial 
variation in surface elevation and tidal exchange creates a spectrum of hydro-edaphic 
conditions across the island range. Correlations among soil and interstitial water 
variables suggest that the species and tree vigor zonation patterns at Twin Cays have been 
influenced by: (1) flooding-related factors such as soil redox status and sulfide 
concentrations, (2) salinity-related factors, and (3) nutrient availability.
Influence of the vegetation on edaphic characteristics is also apparent. Canopy 
structure affects light penetration and soil temperature and, hence, evaporation and 
concentration of salts in the soil (Figures 2.6-2.9). Uptake of water and exclusion of 
salts by mangrove roots may also affect porewater salinity (Passioura et al., 1992). 
Accumulation of organic matter alters surface elevations and affects soil bulk density, 
porosity, cation exchange capacity, hydraulic conductivity, and nutrient availability 
(Richardson et al., 1978). Release of oxygen and organic compounds from mangrove 
roots may influence redox processes and concentrations of nutrients as well as toxins 
(Boto and Wellington, 1984; Nickerson and Thibodeau, 1985; Thibodeau and Nickerson, 
1986; McKee et al., 1988). Nutrient uptake and release of CO2 and exudates by roots 
affect rhizosphere pH and microbial activities, which in turn influence nutrient availability 
and accumulation of toxins (Marschner, 1986).
The results suggest that the interaction between tidal phenomena and mangrove 
vegetation at Twin Cays generates a gradient in conditions influencing regeneration 
(Figure 2.14). Mangrove seedling recruitment is affected by dispersal properties 
(Rabinowitz, 1978 a), predators (Smith, 1987 a), hydro-edaphic factors (Jimenez and 























Figure 2.14. Hypothesized interactions among autogenic and allogenic factors that have 
generated the zonation patterns at Twin Cays.
70
fluctuation, distribution and vigor of trees, and canopy structure. Evaluation of the 
relative importance of these factors and effects on seedling dynamics is needed for 
a complete understanding of the mechanisms generating zonation patterns in mangrove 
forests.
CHAPTER 3
SEEDLING SURVIVAL OF NEOTROPICAL MANGROVES: EFFECTS OF 
ESTABLISHMENT ABILITY AND EDAPHIC FACTORS
INTRODUCTION
Mangroves have little capacity for vegetative reproduction and are dependent on 
seedling recruitment for forest maintenance and spread (Tomlinson, 1986). 
Consequently, establishment and survival of seedlings directly affect species distribution 
and abundance patterns. The seedling stage, however, is the most vulnerable to 
environmental stresses because seedlings occupy microhabitats that are very different 
from those exploited by adults and often display characteristics (e.g., small size) that 
expose them to hazards not experienced by adults. A few studies have examined 
dispersal properties and seedling dynamics in relation to mangrove zonation (Rabinowtz, 
1978 a, b and c; Smith, 1987b; Jimenez and Sauter, 1991), but there is little information 
about the effect of establishment ability and physicochemical conditions on seedling 
recruitment in neotropical forests. In addition, most field studies have failed to identify 
causes of seedling mortality.
The objectives of this study were to (1) examine seedling distributions in relation 
to zonation patterns and variation in environmental conditions in a neotropical mangrove 
ecosystem, (2) determine relative abilities of two dominant mangrove species to establish 
and survive in areas of contrasting hydro-edaphic conditions, and (3) identify major 




The study site was a mangrove island range (7 ha in area), which is located 2.3 
km west of the barrier reef crest and 17 km from the mainland in central Belize (16°50’N, 
88°06'W) (Figure 2.1). The range consists primarily of two large islands bisected by a 
0.5-2.0 m deep channel. The area immediately surrounding the island range is a shallow 
(< 1 m deep) sand flat vegetated by turtle grass (Thalassia testudinum). The substrate of 
Twin Cays is comprised of a dense, reddish peat formed from the fine roots of red 
mangrove and sand derived from calcareous algae (Halimeda spp.).
Tidal amplitude at Twin Cays is 21 cm, and tidal exchange with the island interior 
occurs via deep, narrow creeks and over shallow, broad channels (Urish and Wright, 
1988). Tidal flow and velocity, which are maximal at the margins of the main channel, 
attenuate and ultimately terminate in the interior ponds. The elevational gradient is 
gradual and most of the island range lies within the intertidal zone.
The climate is tropical and temperatures recorded in the vicinity of Twin Cays 
vary from 21 °C in February to 33°C in August-September (Rutzler and Ferraris, 1982). 
A rainy season occurs in Belize from June to December with an average annual rainfall of 
218 cm reported for the mainland coastal district of Dangriga (Rutzler and Ferraris,
1982). Humidity varies between 58 and 96 percent (Rutzler and Ferraris, 1982). The 
last major hurricane (Hurricane Hattie) to affect the study area occurred in 1961.
The vegetation of Twin Cays was dominated by red mangrove, Rhizophora 
mangle L. This species occurs in monospecific stands along the island periphery and 
creekbanks. Rhizopohora mangle tree size and vigor decreases with distance from the 
shoreline to interior ponds, which are dominated by a dwarf growth form (i.e., < 1.5 m 
in height). The black mangrove, Avicennia germinans (L.) Steam also forms 
monospecific stands, but primarily in the interior of Twin Cays, just landward of the 
Rhizophora-dominated fringe. The white mangrove, Laguncularia racemosa (L.)
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Gaertn. f., does not form extensive stands at Twin Cays, but individual trees up to 6 m 
tall can be found approximately 20-25 m from the shoreline and interspersed with the 
other two species. A common feature of the island interior is the occurrence of 
unvegetated flats, which resulted from A. germinans dieback. Herbaceous species at 
Twin Cays include Batis maritima, Spartina spartinae, Sesuvium portulacastrum, and 
Distichlis spicata. Zonation patterns and associated edaphic conditions across Twin Cays 
are described in detail in Chapter 2.
One area of Twin Cays characterized by a distinct spatial variation in dominant 
canopy species was selected for this study. Three replicate transects, 55 m in length were 
established perpendicular to the shoreline and traversed three distinct zones: a R. mangle 
-dominant zone, a transition zone where R. mangle and A. germinans both occurred, and 
a A. germinans -dominant zone. The transects terminated at the margin of an unvegetated 
flat in the island interior.
Plots (15 x 3 m size, long axis oriented parallel to shoreline) were established at 
approximately 5 m intervals along the transects. Total density of trees was determined in 
each plot. Height and diameter (at breast height in the case of A. germinans and L. 
racemosa and just above the highest prop root for R. mangle) of the three individuals of 
the dominant species in each plot were measured with an extendible stadia rod and 
diameter tape, respectively. Individuals > 4.0 m in height and 10 cm dbh were 
considered to be reproductive based on observations (over a seven year period) that trees 
in this size class are the primary sources of seedlings at the study site.
Measurements of environmental conditions were conducted twice (July and 
December) in each plot. Edaphic factors measured were: soil temperature, redox 
potential, bulk density and interstitial water pH, salinity, and concentrations of sulfide, 
NH4, and P (see below for detailed methods). Light levels were also determined in each 
plot at a 10 cm height above the ground.
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Seedling Distributions Across Vegetation Zones
Densities of R. mangle, A. germinans, and L. racemosa seedlings and juveniles 
were determined in July and December in 5 m2 plots established at 5 m intervals along the 
three transects described above. Juveniles were individuals no longer totally dependent 
on embryonic reserves, but still characterized by a small stature and a lack of stem 
branching and aerial root system. Juveniles and seedlings belonged, therefore, to the 
same size class, but not necessarily the same cohort.
Dispersal Properties and Seedling Dimensions
Mature propagules of R. mangle, A. germinans, and L. racemosa were collected 
from trees at Twin Cays, nearby mangrove ranges and the mainland during July, August, 
and December. Propagule length and fresh and dry masses were determined. The 
average stem height and basal diameter of newly-established seedlings (i.e., with 
embryonic structures present and with a single node above the cotyledonary scar; n = 30) 
of each species was also determined by measurements of individuals occurring in the 
plots described above.
Dispersing R. mangle and A. germinans propagules were also collected at the 
study site and examined for propensity to sink or float within 24 h of collection.
Flotation was assessed by placing each propagule into a tank of seawater and observing 
whether it sank or floated. Rhizophora mangle propagules, which are elongated, were 
additionally scored at to whether they floated in a horizontal or vertical position. Specific 
gravity of each propagule was determined by dividing the fresh weight of the propagule 
by its volume, which was measured by a volume displacement technique. Dispersing L. 
racemosa propagules were sought, but most had either taken root or been damaged by 
predispersal insect predators. Thus, flotation characteristics of this species were not 
assessed.
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Establishment and Survival in Contrasting Forest Zones
A manipulative experiment was conducted to assess the ability of R. mangle and 
A. germinans to establish and survive in two contrasting forest areas, each exhibiting 
different hydro-edaphic characteristics and dominant canopy species. Light gaps 
occurring in areas dominated by either/?, mangle or A. germinans were selected and 
environmental conditions measured prior to initiation of the experiment.
Propagules were collected from the study area and carefully examined for insect 
infestation (e.g., larvae, entrance or exit holes, frass, etc.) or other damage that would 
affect viability. Newly-rooted seedlings (upright, but without leaves) were also collected 
from the same area and examined for signs of herbivore damage. Established juveniles 
(well-rooted, with 1 node above the cotyledonary scar) were exhumed along with a small 
plug of soil containing the roots and similarly examined for signs of herbivore damage or 
impaired development. Ten individuals of each species and growth stage determined to 
be free of herbivore damage were randomly assigned to one of the replicate experimental 
sites. The propagules were laid on the soil surface, but tethered with nylon twine (ca. 30 
cm length) to restrict horizontal movement by the tides. The seedlings and juveniles were 
similarly tethered, but also implanted in the soil in an upright position. Survival was 
assessed at 6 mo. intervals for 2.5 yr.
Analyses
Soil measurements. Soil redox potentials at 1 and 15 cm depths were measured with 
brightened platinum electrodes allowed to equilibrate for 15 min prior to each 
measurement. Each electrode was checked before used with quinhydrone in pH 4 and 7 
buffers (mV reading for quinhydrone is 218 and 40.8, respectively at 25 °C). The redox 
potential (Eh) was calculated by adding the potential of the calomel reference electrode 
(+244 mV) to each value. Soil temperature at a 5 cm depth was determined with an ATC
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probe and digital meter. Soil bulk density (oven-dry weight per volume) was determined 
with soil cores (50 cm3) collected with a coring device designed to minimize compaction.
Interstitial water measurements. Porewater was collected as described in McKee et al. 
(1988). An aliquot of the interstitial water was immediately added to an equal volume of 
an antioxidant buffer and later analyzed for sulfide with a Lazar sulfide microelectrode 
(Lazar Research Labs, 1986). Additional aliquots of interstitial water were collected in 
separate containers for the measurement of pH, salinity, and nutrient concentrations 
(after filtration through a 0.45 |i filter). Concentrations of P were determined on filtered, 
acidified water samples with an inductively coupled plasma emission spectrometer (ICP) 
(Williams et al, 1986). Samples for ammonium determination were frozen and later 
analyzed according to US EPA Method #350.1 (US EPA, 1979).
Light levels. Photosynthetically active radiation (PAR) was measured with a quantum 
radiometer/photometer (LiCor Model LI-185A). Several measurements were taken at a 
10 cm height above the soil and averaged to give a single reading for each sampling 
station.
Statistical analyses. Factor analysis was used to extract linear combinations from a 
correlation matrix of the environmental variables measured across the study area. The 
factor extraction method was Principal Components Analysis, and varimax factor rotation 
was used to clarify the results (Gorsuch, 1984). The factor scores were then used in a 
repeated measures analysis of variance (ANOVA) to assess differences among zones and 
between sampling dates. Because some of the environmental variables were found to 
exhibit non-normal distributions and heterogeneous variance, which were not remedied 
by standard transformations, these data were subjected to a nonparametric ranking 
procedure prior to multivariate analysis.
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Relative seedling densities were observed to vary with distance from 
reproductive, conspecific adults and with factor scores derived from the environmental 
data. This relationship was examined by multiple regression analysis. The relative 
seedling densities of L. racemosa and A. germinans exhibited a linear relationship with 
the independent variables and no transformation was necessary. The relationship 
between R. mangle relative density and distance was non-linear, and the independent 
variable was transformed prior to analysis (Gomez and Gomez, 1984). The observed 
nonlinear relationship was described by the equation:
Y = a  + 6/X
The relationship was linearized by transforming the independent variable X to 1/X.
After transformation, a multiple regression analysis was performed using a 
stepwise procedure. Distance from reproductive, conspecific adults and the factors 
extracted from the environmental data were the independent variables (Xi-Xn). This 
procedure begins with no variables in the equation. The variable with the highest partial 
correlation is inserted into the model if its partial F value exceeds the critical F-to-enter 
level. Once a variable enters the equation, all other variables are examined for removal 
based on their partial F values. The procedure is terminated when no variables currently 
in the equation can be removed and the variable with the highest partial correlation not in 
the equation fails the F-to-enter test.
The 2.5 yr survival data (after arcsine transformation of percent survival; Gomez 
and Gomez, 1984) from the transplantation experiment were analyzed by a three-way 
ANOVA with site, species, and growth stage as the grouping factors. Differences in 
environmental variables measured at the transplantation sites were compared with 




The spatial distribution of mangroves reflects the outcome of a series of dynamic 
processes such as dispersal, predation, establishment, growth, and mortality. Dispersal 
patterns, predation rates, and establishment of diaspores are processes that determine 
initial species distribution patterns. After establishment, differential tolerance of 
environmental stress factors can modify the initial pattern by eliminating some species 
from portions of an environmental gradient. The mangrove habitat is characterized by 
spatial and temporal variation in hydro-edaphic conditions (Chapter 2), which, depending 
on species-specific attributes, may differentially influence establishment and subsequent 
survival of seedlings.
Zonation Pattern and Physicochemical Conditions
The transects intersected three zones: a shoreline zone dominated by R. mangle, a 
transition zone with a mixed canopy, and a landward zone dominated by A. germinans. 
Canopy height varied from 3 m near the creekbank to 4.6 m in the transition and 1.5 m at 
the most landward plots in the Avicennia zone (Figure 3.1a). Relative density of R. 
mangle trees was highest in the plots located 0-25 m from the shoreline, whereas that of 
A. germinans trees was highest at 30-55 m (Figure 3.1b). Relative density of L. 
racemosa trees was low in all three zones and reflected the infrequent occurrence of this 
species in the canopy (Figure 3.1 b). Relative elevation, which also varied with distance 
from the shoreline, was low next to the creekbank (0-10 m) and in the interior (45-55 m) 
(Figure 3.1c). Elevations were highest in the landward portion of the Rhizophora zone 
and in the transition zone. Observations over a seven year period indicate that the higher 
elevation sites were infrequently flooded over the soil surface, whereas the low elevation 
sites near the shoreline were inundated on a twice daily basis. The most landward plots 
were inundated (twice daily) from the direction of the unvegetated flat.
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Canopy structure varied with increasing distance from the shoreline and as the 
dominant species changed from R. mangle to A. germinans. Consequently, light levels 
increased from less than 10% in the Rhizophora zone to near 100% full sunlight in the 
stunted portion of the Avicennia zone.
Factor analysis of the environmental data extracted three factors with eigenvalues 
greater than 1. These three factors accounted for 77% of the variation in the data. The 
first factor was interpreted as a salinity factor with high positive loadings of interstitial 
salinity, Eh at 1 and 15 cm depths, and soil temperature (Table 3.1). The second factor 
was interpreted as a flooding factor and had a high negative loading of relative elevation 
and a high positive loading of sulfide. The third factor was interpreted as a resource 
factor with high positive loadings of light levels and NH4 concentrations.
When the factor scores for each observation were subjected to ANOVA, 
significant differences among zones (Rhizophora, Transition, and Avicennia) were found 
for all three factors (Factor 1: ^2,27 = 5.04, P = 0.0139; Factor 2: F2,27 = 12.44, P = 
0.0001; Factor 3: F2,27 = 36.22, P = 0.0001). Overall, salinity stress and resource 
availability were low in the Rhizophora zone, but flooding stress was high (Figure 3.2). 
The Avicennia zone was characterized by high salinity and flooding stresses, but high 
resource availability (Figure 3.2). Flooding stress was low in the Transition zone, 
whereas salinity stress and resource availability were relatively high (Figure 3.2).
Salinity and flooding stresses were highest and resource availability was lowest during 
July (F ij27 = 433, P = 0.0001; F i,27 = 19.6, P = 0.0001; Fi,27 = 9.8, P = 0.0041, 
respectively). There was also a significant interaction between zone and sampling date 
for Factors 1 (F2,27 = 3.55, P = 0.0428) and 2 (F2>27 = 7.17, P = 0.0032), but not 3 
(F2,27 = 1.979, P = 0.1577). Salinity, flooding, and resource factors differed 
significantly between July and December in the Rhizophora zone ( F j ^  = 123.0, 24.2, 
and 12.2, respectively; P < 0.005; 1 df contrasts). The Transition zone differed between 
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Figure 3.1. Canopy height (a), relative tree density (Rhizophora □  , Avicennia □  , 
Laguncularia H ) (b), and relative elevation (c) measured from the shoreline to 55 m in 
the island interior.
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Table 3.1. Correlations of environmental variables with factors. Ehl and Ehl5 = soil 
redox potential at 1 and 15 cm depths, respectively; percent light = percent of light levels 




Salinity 0.833 0.135 0.379
pH -0.852 0.235 0.116
sulfide 0.007 0.834 0.033
Ehl 0.864 -0.192 0.050
Ehl5 0.833 -0.182 -0.017
Relative Elevation 0.213 -0.883 0.019
NH4 0.246 0.005 0.825
Soil Temperature 0.857 0.246 0.301
Percent Light 0.018 -0.102 0.909
Bulk Density -0.015 0.496 0.676
P 0.565 0.428 0.392
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Figure 3.2. Spatial and temporal variation in factor scores extracted from environmental 
data measured across the transects during July and December.
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0.005; 1 df contrasts), whereas the Avicennia zone differed only in terms of salinity- 
related factors ( F i ^  = 212.2; P < 0.005).
Seedling Distributions Across Mangrove Zones
Seedlings of R. mangle, A. germinans, and L. racemosa occurred throughout the 
three zones at Site A, but relative densities varied substantially with position along the 
transects (Figure 3.3). The relative density of R. mangle was highest in the Rhizophora- 
dominated zone and decreased with increasing distance from the shoreline. The pattern 
for A. germinans seedlings was different with highest relative densities 30-55 m inland 
and decreasing toward the shoreline. Relative density of L. racemosa seedlings increased 
to a maximum 15-20 m from the shoreline and then declined thereafter. The peaks in 
relative seedling densities coincided with the region dominated by conspecific adults. The 
spatial pattern for each species in July was similar to that found in December, just after 
dispersal, but variances were higher in July.
Stepwise regression analysis was conducted with seedling relative density as the 
dependent variable and the average factor scores and distance from reproductive, 
conspecific adults as the independent variables (Table 3.2). In December, just after 
dispersal, distance from conspecific adults was the only independent variable to enter the 
equations for R. mangle and L. racemosa. Distance from reproductive adults accounted 
for 94 and 63 % of the valuation in relative densities of R. mangle and L. racemosa 
seedlings, respectively. None of the factors extracted from the environmental data 
contributed significantly to the variation. Relative densities of A. germinans seedlings 
exhibited a different pattern with Factor 3 (resource) explaining 73 % of the variation in 
the dependent variable in December.
In July, distance from reproductive adults was the only variable contributing 
significantly to the spatial variation in R. mangle relative seedling density (R2 = 0.89).
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Figure 3.3. Relative densities of Rhizophora mangle, Avicennia germinans, and 
Laguncularia racemosa seedlings measured across the transects in December and July.
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Table 3.2. Results of a stepwise multiple regression analysis of seedling relative 
densities across Site A. The values for the equation parameters (a, Bi, 62, B3, 84) and 
R2 are given in the table. The independent variables (X]_4) are distance from 
reproductive, conspecific adults and Factors 1, 2, and 3 extracted from the environmental 
data (see Table 3.1). Distance from R. mangle adults was transformed to 1/X prior to 
analysis to linearize the relationship with the dependent variable. Values in parentheses 
are the partial F-values for the regression coefficients (P < 0.05, except as indicated).
Dependent Variable (Y) Independent Variables (X14) R2
Relative Seedling Density (%) Distance Factor 1 Factor 2 Factor 3
(Salinity) (Flooding) (Resource)
Equation parameters: a  62 B3 B4
December
Rhizophora 10.3 274 -* 0.937
(118.7)
Avicennia 34.5 - - - 26.37 0.727
(21.26)
Laguncularia 53.4 -0.925 . . .  0.628
(11.84)
July
Rhizophora 14.35 270 . . .  0.894
(67.73)
Avicennia 34.2 - - - 22.21 0.795
(31.11)
Laguncularia 60.8 - -23.57 -23.05 - 0.735
(4.47**) (16.44)
*Partial F-value for the variable was not significant.
**Significant at P < 0.10.
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density. Distance from reproductive adults was not important in explaining the variation 
in relative density of L. racemosa seedlings in July. At the 5% significance level, factor 2 
(flooding) accounted for 54 % of the variation in the dependent variable, and no other 
variable entered the equation. When the significance level was increased to 10%, Factor 
1 (salinity) also entered the equation and together with Factor 2 accounted for 74% of the 
variation in relative density of L. racemosa seedlings.
Thus, distance from reproductive adults and hydro-edaphic conditions were both 
important in explaining relative abundance of seedlings across zones. These results differ 
from those reported for the Pacific coast of Costa Rica where establishment rates of A. 
bicolor and R. racemosa seedlings were not correlated with distance from reproductive 
adults (Jimenez and Sauter, 1991).
The pattern of higher relative densities of seedlings near conspecific adults 
suggests that: (1) the propagules are not dispersed far from adults, (2) establishment rates 
vary spatially, depending on buoyancy characteristics and tidal fluctuation relative to the 
soil surface, and/or (3) factors contributing to seedling mortality vary spatially and are 
less intense near conspecific adults.
Physical Characteristics of Propagules and Seedlings
The three mangrove species exhibit either vivipary (R. mangle and A. germinans) 
or germination during dispersal (L. racemosa ) (Rabinowitz, 1978 a). Thus, seedling 
recruitment is not constrained by germination requirements, since the diaspores 
(commonly referred to as propagules) arc technically seedlings. Other factors such as 
size and buoyancy, however, may contribute to differential establishment (Rabinowitz, 
1978 a).
The propagules of R. mangle, A. germinans, and L. racemosa differed 
significantly in terms of size and shape. Rhizophora mangle propagules, which were 
composed of an elongated hypocotyl and unexpanded plumule, averaged 23.5 cm in
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length and 20.2 g fresh mass (Table 3.3). The propagules of A. germinans were 
considerably smaller (1.05 g fresh mass) with a flattened, elliptical shape and were 
composed of two folded cotyledons. The propagules were initially enclosed in a thin 
pericarp, but this was quickly shed after abscission. Laguncularica racemosa propagules 
were also small (0.30 g fresh mass), obovoid in shape, and consisted of an embryo 
enclosed in a pericarp. These characteristics are similar to that described for Panamanian 
mangroves (Rabinowitz, 1978 a).
The propagules of neotropical mangroves are primarily dispersed by tidal action 
(Rabinowitz, 1978 a). Upon deposition, the probability of establishment increases with 
duration of contact with the soil surface and decreases with buoyancy of the propagule. 
Rabinowitz (1978 a) determined that the propagules of A. germinans always float. Any 
degree of tidal inundation over the soil surface would cause a disturbance to the 
seedling's position and thus inhibit rooting. As a consequence, this species requires a 
stranding period in which to establish. The propagules of R. mangle and L. racemosa 
float at first, but then sink after some time in the water (Rabinowitz, 1978 a). Rhizophora 
mangle propagules may regain buoyancy, but L. racemosa propagules apparently do not 
(Rabinowitz, 1978 a). Unlike R. mangle, however, L. racemosa propagules may lose 
viability before sinking occurs. The obligate stranding periods for R. mangle, A. 
germinans and L. racemosa in Panama were determined to be 15,7 and 5 days, 
respectively (Rabinowitz, 1978 a). Other studies also support the role of propagule 
characteristics and tidal action in determining differential establishment across elevational 
gradients (Tamai and Iampa, 1988; Jimenez and Sauter, 1991).
The dispersing propagules of R. mangle and A. germinans collected at Twin Cays 
exhibited flotation characteristics similar to that reported in Panama (Rabinowitz, 1978 a). 
Of 117 A. germinans propagules examined, 92.3 % floated and 7.7% sank in seawater 
(Table 3.4). A chi-square test indicated that floaters were characterized by specific 
gravities lower than that of seawater (X2 = 9.18, P < 0.01). Dispersing R. mangle
Table 3.3. Some physical characteristics of Rhizophora mangle, Avicennia germinans, 
and Laguncularia racemosa.propagules. Upper and lower values for 95 % confidence 
intervals are given for each variable.
Species Fresh wt Dry wt Length
(g) (g) (cm)
Rhizophora
Mean 20.19 9.44 23.5
Standard deviation 9.63 4.34 8.1
Maximum 45.10 20.70 43.7
Minimum 2.73 1.23 6.1
95% upper 21.58 10.08 24.7
95% lower 18.80 8.81 22.3










Mean 0.30 0.15 1.5
Standard deviation 0.05 0.02 0.3
Maximum 0.41 0.18 2.1
Minimum 0.18 0.07 0.9
95% upper 0.31 0.15 1.6
95% lower 0.28 0.14 1.4









Table 3.4. Flotation characteristics and specific gravity (SG) (g cn r3)of dispersing 
Rhizophora mangle and Avicennia germinans propagules. Flotation response was 
determined by placing each propagule in a tank of seawater and observing if it sank or 
floated. Propagules of R. mangle were additionally scored as to flotation in a horizontal 





SG n SG n
Sink 1.044 ± 0.006 13 1.068 ±0.016 9
FLH 0.997 ± 0.005 29 1.003 ± 0.003 108
FLV 1.020 ± 0.003 55 - -
Total 1.015 ± 0.003 97 1.012 ± 0.004 117
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propagules also showed a preponderance of floaters (86.6%) compared to sinkers 
(13.4%), but the orientation of floaters differed. Of the total propagules tested, 29.9% 
floated with the hypocotyl oriented in a horizontal position relative to water surface and 
56.7% floated vertically. A chi-square test demonstrated that the flotation response of R. 
mangle also differed depending on the specific gravity of propagules (X2 = 12.91, P < 
0.01). The sinkers had an average specific gravity greater than that of seawater. The 
specific gravity of propagules that floated in a horizontal position (0.997 ± 0.005 g cm*3) 
was lower than that of vertical floaters (1.020 ± 0.003 g cm-3).
Propagule characteristics measured in Belize (Tables 3.3-3.4) and Panama 
(Rabinowitz, 1978 a) suggest that establishment of A. germinans and L. racemosa should 
vary spatially and temporally depending on the maximum number of consecutive days 
that tidal heights do not exceed the soil surface. In contrast, the larger propagules of R. 
mangle should be capable of establishment throughout the forest, except in areas where 
water depths prevent contact with the soil surface (e.g., in interior ponds).
In addition to differences in propagule size and buoyancy, seedling dimensions 
after establishment will also influence recruitment. Seedlings of the three species differed 
significantly in stature at an equivalent stage of development. At the two-leaf stage, R. 
mangle was substantially taller (27.3 ± 0.6 cm) than either A. germinans (11.0 ± 0.4 cm) 
or L. racemosa (7.0 ± 0.3 cm) (F2,87 = 420, P = 0.0001). The elongated hypocotyl of 
R. mangle was primarily responsible for this species' height advantage at this stage of 
development. A comparison of average seedling heights with the water depths at high 
tide illustrates these species' relative potential for submergence (Figures 3.1 c and 3.4). 
The average R. mangle seedling would be tall enough to maintain its leaves and upper 
stem above water at high tide across the entire transect, whereas A. germinans and L  
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Figure 3.4. Average heights of Rhizophora mangle, Avicennia germinans, and 
Laguncularia racemosa seedlings measured across vegetation zones at Twin Cays.
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Because the mangrove soil is usually devoid of oxygen (Chapter 2), the roots of 
seedlings must receive oxygen from the atmosphere internally via diffusion through the 
stem. Thus, differences in depth and duration of submergence could differentially affect 
the oxygen supply to the seedling root systems. The average diameter of the seedling 
stem bases also differed significantly with R. mangle (1.01 ± 0.054 cm) > A. germinans 
(0.216 ± 0.002 cm) = L. racem osa.(0 .m  ± 0.002 cm) (F2,87 = 257.4, P = 0.0001). 
The smaller diameter of A. germinans and L. racemosa stem bases could limit aeration of 
their root systems because of a lower cross-sectional area for oxygen diffusion.
Seedling Establishment and Survival in Contrasting Zones
Although dispersal properties and seedling morphology and distribution patterns 
were suggestive of differential establishment abilities and tolerance of hydro-edaphic 
conditions, they did not provide conclusive evidence that these factors were important in 
determining recruitment. Transplantation of propagules, seedlings, and juveniles allowed 
examination of relative establishment and survival in different hydro-edaphic regimes and 
identification of causes of mortality.
Measurement of environmental conditions at the two transplantation sites 
demonstrated significant differences in relative elevation, soil Eh, sulfide concentrations, 
salinity, and pH (Table 3.5). The site dominated by R. mangle was characterized by a 
relatively lower elevation, more reducing soil conditions, and lower salinity than the site 
dominated by A. germinans. Differences in Eh at a 15 cm depth, soil temperature, and 
PAR were not significant (P > 0.05). Although interstitial water pH was significantly 
higher at the R. mangle site, the difference with the A. germinans site was small (0.19 pH 
unit). Thus, the major differences between sites were related to hydro-edaphic 
characteristics.
93
Table 3.5. Physicochemical conditions measured in contrasting zones characterized by 
different dominant species (,Rhizophora mangle or Avicennia germinans) and where 
survival of propagules, seedlings, and juveniles was determined. Values are the mean ± 
1 standard error (n=20). Significant differences between sites were determined by 
unpaired t-tests.
ZONE
R. mangle A. germinans Probability of > t
Variable
Relative elevation (cm)* -15.1 ± 0 .2 -1.9 ± 0 .1 0.0001
Eh (1 cm depth) (mV) -31 ± 2 4 88 ± 13 0.0001
Eh (15 cm depth) (mV) -78 ± 24 -41 ± 30 NS**
Sulfide (mM) 0.68 ±0.18 0.27 ± 0.04 0.0335
Salinity (%o) 40 ± 1 59 ± 1 0.0001
pH 6.33 ± 0.05 6.14 ±0 .04 0.005
Soil temperature (°C) 32.6 ± 0.7 32.6 ± 1.7 NS
PAR (pmol n r2 s_1) 1211 ±119 1120 ± 170 NS
*Elevation referenced to water depth at high tide.
**Non-significant difference.
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The survival patterns of A. germinans and R. mangle propagules, seedlings, and 
juveniles transplanted to these contrasting zones are presented in Fig. 3.5. Survival for
2.5 yr was significantly influenced by species = 12.32, P = 0.0043) and growth 
stage at transplantation (F ij2  = 18.96, P = 0.0002). Overall survival of propagules 
(7.5%) was lower than for transplanted seedlings (51%) or juveniles (49%). Survival of 
R. mangle (averaged over growth stage and site) (47%) was greater than that of A. 
germinans (25%).
A significant 3-way interaction (F2,i2 = 3.96, P = 0.0479) indicated that percent 
survival for 2.5 yr for each species by growth stage combination differed depending on 
site conditions. Conditions at the sites where A. germinans dominated the canopy were 
more conducive overall to A. germinans' survival (45%) compared to sites dominated by 
R. mangle (8.4%) (F i(i2 = 9.58, P - 0.0093). Rhizophora mangle survived equally well 
(averaged over growth stage) in areas dominated by conspecific adults (57%) or by A. 
germinans (48%).
Rabinowitz (1978 b) found greatest survival and growth of neotropical 
mangroves in areas not dominated by their conspecifics and concluded that this was 
evidence against physiological specialization as an explanation for zonation. Instead, she 
hypothesized that differential dispersal was the only explanation for the zonation patterns 
observed in Panama. Her study, however, was initiated with propagules fixed to the soil 
surface, forcing establishment, and was of a shorter duration (< 1 yr) than the current 
study (2.5 yr). Smith (1987b) similarly found that three Australian species performed 
best in the habitat where adult conspecifics were least abundant, and all lour species 
appeared to prefer the same zone (high intertidal). Smith's study was conducted with 
transplanted juveniles, and survival was monitored for three years. Both studies failed to 
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Figure 3.5. Percent survival of Rhizophora mangle and Avicennia germinans 
propagules, seedlings, and juveniles transplanted simultaneously to two contrasting 
zones dominated by either/?, mangle or A. germinans.
Table 3.6. Proportion of propagule mortality (%) (all sites combined) attributable 
various causes during the first year after transplantation to zones dominated by 









At Twin Cays, failure to strand, predation, and desiccation were major causes of 
mortality of both species' propagules (Table 3.6). Propagules had difficulty becoming 
firmly rooted at the Rhizophora site because of the relatively lower elevation and the fact 
that tidal action regularly buoyed them away from contact with the soil surface. Sixty- 
eight percent of propagule mortality at this site was attributable to a failure to become 
rooted before viability was lost. Although the proportion of propagule mortality 
attributable to stranding difficulties was similar for the two species (Table 3.6), none of 
the A. germinans propagules was successful in establishing at this site before viability 
was lost, whereas a few R. mangle propagules did become rooted and survived for 2.5 y 
(Figure 3.5).
Desiccation was the primary cause of mortality at the Avicennia-dominated site 
(41% of deaths). Non-viable R. mangle propagules remaining after six months were 
shriveled and brown in color, but with no other signs of damage. Several A. germinans 
propagules were partially desiccated within two weeks of placement and were assumed to 
have succumbed to this factor.
Observations during the week after transplantation indicated that several 
propagules placed in the Rhizophora zone were eaten by mangrove crabs, whereas those 
placed in the Avicennia zone were damaged by snails (Melampus sp.). Combined losses 
to predators were similar at the Rhizophora and Avicennia sites (24 and 30 %, 
respectively), although a larger proportion of A. germinans' propagule mortality at each 
site was assignable to consumption by predators.
Mortality of R. mangle was additionally influenced by initial orientation of the 
seedling axis, but occurred between 1.0 and 1.5 y after establishment. Ail of the R. 
mangle propagules that established in the Avicennia zone, took root in a horizontal 
position. Subsequent curvature of the hypocotyl allowed reorientation of the seedling 
axis into a vertical position. Even though these recurved seedlings were able to produce 
leaves and appeared to grow well during the first year after establishment, most did not
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axis into a vertical position. Even though these recurved seedlings were able to produce 
leaves and appeared to grow well during the first year after establishment, most did not 
survive. Eighty percent of R. mangle propagules that initially rooted in a horizontal 
position died within 1.5 y. In contrast, the seedlings and juveniles initially planted in a 
vertical position exhibited higher survival rates (> 60%) (Figure 3.5). The cause of death 
of recurved seedlings could not be determined with certainty, but the occurrence of 
necrotic lesions on the hypocotyl suggested that damage incurred while the propagule was 
in a horizontal position ultimately contributed to its demise.
A number of early workers debated the significance of R. mangle's potential 
ability to plant itself in the soil with the axis in a vertical position (Egler, 1948; Lawrence, 
1949, La Rue and Muzik, 1951). The propagules, which are elongated in shape and have 
pointed tips, were thought to drop from the parent tree and plunge into the soil substrate, 
effectively planting themselves in an upright position. Egler (1948) and Lawrence (1949) 
questioned this description because many seedlings appeared to establish in a prone 
position, but would subsequently develop a vertical axis through curvature of the 
hypocotyl, as observed in the current study. La Rue and Muzik (1951) tested the depth 
of planting by dropping propagules from heights of 1-2 m and found that most were 
driven at least 3 cm into the soil. The results of the current study (Figure 3.5) indicate 
that establishment in a vertical position, regardless of the mechanism, promotes survival 
of R. mangle.
Responses of transplanted A. germinans and R. mangle seedlings and juveniles 
indicated differences in their physiological tolerance of conditions prevalent in the two 
zones (Figure 3.5). The Rhizophora-dominated zone was characterized by greater 
flooding depths and more reducing soil conditions, whereas the Avicennia-dominaicd 
zone was better drained but had higher salinities (Table 3.5). The survival results 
showed that A. germinans juveniles had a significantly lower tolerance of the conditions 
in the Rhizophora-dominated zone (F1J 2 = 9.95, P < 0.01; 1 df contrast). The same was
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not true for transplanted seedlings, however (F142 = 4.24, P > 0.05; 1 df contrast). 
Survival of R. mangle in the Rhizophora-dominated zone equaled (seedlings) (F ij2  =
0.611, P > 0.05; 1 df contrast) or exceeded (juveniles) (Fi ,\2 = 6.64, P < 0.05; 1 df 
contrast) that in the Av/aviwa-dominated zone. These results demonstrated that after 
embryonic reserves were depleted, R. mangle performed best in more flooded, lower 
salinity conditions and A. germinans was more tolerant of less flooded, higher salinity 
sites. Because flooding and salinity levels covaried, however, evaluation of these 
species' relative tolerance of salinity and flooding is not possible based on these results 
and requires further examination under controlled conditions.
CONCLUSIONS
The probability of seedling survival is thought to be lowest underneath the parent 
tree where susceptibility to seed predators and competition from siblings is greatest 
(Janzen, 1970; Howe and Smallwood, 1982). Dispersal away from the parent is thought 
to minimize these effects and maximize the probability of establishment in a suitable 
microsite (e.g., a canopy gap). However, dispersal may also result in movement to a less 
favorable area for establishment and survival.
In the mangrove habitat, physical, chemical, and biotic factors that can potentially 
influence seedling recruitment vary dramatically over relatively short distances. Spatial 
differences in hydro-edaphic conditions were found to strongly influence ability of 
mangrove seedlings to establish and survive. Differences in stranding ability and 
physiological tolerance of stress factors such as salinity and Hooding appeared to be 
major determinants of seedling recruitment patterns. Other factors such as desiccation 
and predation also varied and contributed to seedling mortality. Additional work is 
needed, however, to fully evaluate interspecific differences in susceptibility to predators 
and differential tolerance of Hooding and salinity.
CHAPTER 4
MANGROVE SPECIES DISTRIBUTION PATTERNS AND PROPAGULE
PREDATION IN BELIZE
INTRODUCTION
Mangroves are salt-tolerant trees and shrubs that dominate the intertidal zone 
along tropical coastlines (Tomlinson, 1986). Although diversity is low in the Caribbean 
where only two or three mangrove species may comprise a community, these forests 
often exhibit characteristic zonation patterns. Rhizophora mangle L., the red mangrove, 
typically dominates the zone proximal to open water, i. e., the creekbank position. The 
black mangrove, Avicennia germinans (L.) Steam., is usually found at interior sites, 
often at higher elevations in the intertidal where inundation is less frequent. The white 
mangrove, Laguncularia racemosa (L.) Gaertn. f., may occur at any position in the 
intertidal zone, but forms extensive stands primarily in regions of moderate inundation 
and salinity. Hypotheses proposed to explain mangrove zonation patterns include 
succession due to land-building, geomorphic processes, physiological tolerance of 
inundation or salinity, interspecific competition, dispersal dynamics, and seed predation 
(see Smith, 1992 for review).
Differential predation of seeds or propagules across the intertidal zone was 
proposed by Smith (1987a) as a determinant of mangrove zonation in Australian forests. 
An inverse relationship between predation rate and dominance in the canopy was found 
for four of five mangrove species examined (Smith, 1987a). Exclosure experiments 
further showed that propagules of certain mangrove species were completely eliminated 
from some areas by crabs, which also varied in abundance across the intertidal zone.
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Not all mangrove species, however, support the dominance-predation model. 
Consumption of Ceriops tagal in Australian forests, for example, was highest at locations 
where it was dominant in the canopy (Smith, 1987a). Subsequent investigations 
conducted on three continents have yielded additional exceptions to the dominance- 
predation model (Smith et al., 1989; Smith and Duke, unpublished). In particular, R. 
mangle propagules in Panama were consumed at a higher rate where this species 
dominated the canopy and were not eaten at any intertidal location in Florida (Smith et al., 
1989). In contrast, species belonging to the genus, Avicennia, appear to consistently 
support the dominance-predation model (Smith, 1987a and c; Smith et al., 1989; Smith 
and Duke, unpublished).
Since R. mangle is a major component of many mangrove communities in the 
neotropics, it is important to investigate the lack of conformity of this species to the 
dominance-predation model. Thus, the major objectives of this study were to gain an 
understanding of the factors that may influence rates of propagule predation in a 
neotropical forest and to determine whether patterns of propagule predation are consistent 
with the spatial distribution of adult trees, with emphasis on R. mangle. The questions 
addressed by this research are listed below:
1. Is there a difference in predation rate among mangrove species?
2. Does predation differ across zones dominated by different mangrove species
and in a pattern consistent with distribution of adult trees?
3. Is predation influenced by propagule size or chemical composition?
4. Do predators of propagules also attack rooted seedlings?
5. Do predation rates vary temporally?
6. What is the long-term effect of predators on R. mangle seedling survival?
METHODS
Study Site
This study was conducted at an uninhabited mangrove island range located near 
the Belizean barrier reef (Figure 2.1). Twin Cays is composed of two islands positioned
2.4 km west of the reef crest (16°50'N, 88°06’W) in a lagoonal environment. The 
dominant species is R. mangle, which occurs as a fringe around the periphery of the 
islands, and as stunted trees in the interior. At higher elevations in the interior are 
extensive stands of A. germinans. The white mangrove, L. racemosa, occurs as 
scattered, individual trees throughout the islands, but never forms monospecific stands at 
this site. The understory, when present, is dominated by Batis maritima. The tide range 
is microtidal (21 cm) and of a mixed, semidiurnal type. A wet season occurs from July to 
October, and rainfall is approximately 218 cm yr -1 (Rutzler and Ferraris, 1982).
Description of Mangrove Dispersal
Reproductive strategies in mangroves are characterized by two relatively unique 
conditions: hydrochory (dispersal by water) and vivipary. Propagules of all three 
mangrove species are clearly adapted to float, and water is the primary mode of dispersal 
(Rabinowitz, 1978). Vivipary is the condition in which the embryo grows out of the seed 
coat and the fruit while still attached to the parent plant (see Juncosa, 1982). In this type 
of reproduction, development is continuous from fertilization through germination.
Rhizophora mangle propagules may remain attached to the parent tree for 4 to 6 
months after germination and attain lengths of 30 cm (via elongation of the hypocotyl) 
before abscission (Gill and Tomlinson, 1971). At maturity, the seedling detaches from 
the tree, leaving the cotyledons behind. Propagules of R. mangle are the largest of the 
three species studied and strongly elongated in shape.
Avicennia germinans exhibits a type of vivipary in which the embryo emerges 
from the seed coat, but not the fruit before abscission (Tomlinson, 1986). Within a short
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time after falling into the water, however, the pericarp is shed, leaving the seedling 
composed of two folded cotyledons. The propagules of A. germinans are much smaller 
than those of R. mangle and have a flattened, elliptical shape.
Laguncularia racemosa is not considered to be viviparous (Tomlinson, 1986), but 
emergence of the radicle from the fruit occurs within ten days after abscission and often 
during dispersal (personal observation by author). The propagules of this species are 
smaller than those of A. germinans and obovoid in shape.
The foregoing points are important because: (1) the dispersal unit is technically a 
seedling, not a seed, and partial or total consumption of the propagule or burial in the soil 
usually leads to a loss of viability and (2) dispersal by water means that the propagules 
can be moved large distances from the parent tree by tidal action and are vulnerable to a 
predator guild that varies in composition across the intertidal.
Peak season for A. germinans and L. racemosa dispersal is from August through 
November in this region. Propagules of these two species can occur outside this period, 
but are less abundant. Propagules of R. mangle can be readily found at any time in 
Belize, but are most abundant from July through October.
Experimental Design
Experiments were conducted in July and December during three succeeding years 
(December 1989-July 1992). Replicate plots (size varied with experiment) were 
established at different locations across Twin Cays. Propagules were collected from the 
study area and randomly assigned to subunits in each plot (10 propagules of each species 
per plot). Controls consisted of rubber fishing lures minus hooks (5 cm long x 1 cm 
diameter). To prevent the propagules or controls from being carried out of the plots by 
predators or tidal action, they were securely tethered by 1 m lengths of nylon twine to an 
immovable object in the forest (e.g., a prop root) (after Smith, 1987). Each propagule or 
control was positioned in a subunit so that the twine of adjacent individuals could not
104
become entangled. The plots were visited at intervals, and the propagules scored 
according to a set of criteria. The propagule was considered to be nonviable if (1) greater 
than 50 % was consumed, (2) it was cut in half, (3) a crucial portion (e.g., epicotyl) was 
consumed, or (4) it was pulled into a crab burrow.
Logistical factors and seasonal availability of propagules constrained the size and 
scope of some of the predation experiments described below. It should also be noted that 
when the short-term predation experiments were conducted, propagules of all three 
mangrove species were relatively scarce and background densities were nil in the 
experimental plots. Although mangrove propagules may be attacked by insect predators 
(e.g., scolytid beetles and lepidopteran larvae), this study was designed to assess losses 
to marine predators such as crabs. Thus, only those propagules found to be free of insect 
larvae were used in the following experiments.
Predation rates of three mangrove species (R. mangle, A. germinans, and L. 
racemosa) were compared in December 1990 in 90 m^ plots (15 m long x 6 m wide, long 
axis oriented parallel to shoreline) established along creekbanks dominated by R. mangle. 
Propagules were randomly assigned to subunits in each plot, tethered, and scored at 
intervals for 9 days. A subset of propagules was collected at this time to assess 
interspecific differences in chemical composition (methods described below) that might 
influence predation rates.
The effect of propagule size on predation could not be adequately evaluated by 
direct comparison of the three species because their chemical composition also differed 
substantially. Effect of size was instead assessed in July 1990 with a single species by 
dividing the hypocotyls of R. mangle propagules into two sections: a larger section 15 
cm in length, and a smaller section 2 cm in length; both sections had two severed ends. 
Neither the epicotyl nor radicle end of the seedling axis was used. Eight sections of each 
size were then randomly tethered in six replicate plots (40 m2 in size) dominated by R.
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mangle. The propagule sections were scored after four days as undisturbed, damaged 
(some portion consumed), or pulled into a crab burrow.
Because mangrove seedlings may be damaged by crabs after they become rooted 
and in an upright position, the effect of growth stage (unrooted propagule vs rooted 
seedling) on predation rate was determined for R. mangle and A. germinans in December 
1990. Seedlings that had recently become rooted and with a single leaf pair were 
collected along with adjacent soil to minimize damage to the root system. The rooted 
seedlings still retained embryonic structures (e.g., the hypocotyl for R. mangle and the 
cotyledons for A. germinans). Ten seedlings were transplanted along with ten 
propagules of the same species into each of five replicate plots (20 m^) established along 
a creekbank. Both seedlings and propagules were tethered with nylon twine as described 
above, but shorter lengths (0.5 m) were used. Cumulative predation was assessed at the 
end of eight days.
Two experiments were conducted to assess predation rates across distinct 
vegetation zones and in different forest locations. Three replicate plots (15 m long x 5 m 
wide, long axis oriented parallel to shoreline) were established in December 1989 in each 
of three vegetation zones: a creekbank zone (0-15 m from shoreline) dominated by R. 
mangle, a transition zone (20-25 m from shoreline) where R. mangle and A. germinans 
occurred as codominants, and an inland zone (30-50 m from shoreline) dominated by A. 
germinans. Propagules of R. mangle and A. germinans and controls were randomly 
assigned to plots, tethered, and scored after nine days as described above. Densities of 
seedlings by species were determined across the three vegetation zones by counting 
individuals present in 5 m^ quadrats established at 5 m intervals along three replicate 
transects (Chapter 3). A second experiment was conducted in July 1992 in three forest 
types: (1) a monospecific R. mangle site located along a creekbank, (2) a monospecific 
R. mangle site located 10 to 20 m from a creekbank, and (3) an A. germinans-domm‘<x\e,d 
site located 10- 30 m from a creekbank. Propagules of/?, mangle and A. germinans were
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randomly assigned to three replicate sites per forest type, tethered and scored after six 
days.
Since short-term experiments may not adequately assess losses to predators, the 
long-term effect of predation on survival of/?, mangle propagules was examined. 
Propagules were collected in December 1989 and firmly anchored in place by insertion of 
the radicle end of the propagule 4 cm into the soil. Replicate plots were established at 2, 
5, 15 and 30 m from the shoreline. Plots at 2, 5 and 15 m were located within the 
creekbank zone dominated by R. mangle, whereas the plots at 30 m occurred within the 
A. germinans zone. Tethers were not used primarily because they were not needed, but 
also to avoid an effect on seedling survival due to entanglement with seaweed and other 
debris. Seedlings were reexamined after six months and survival assessed.
Chemical Analyses
Propagules collected in December 1990 for chemical analysis were freeze-dried 
(LabConco Freeze Dryer 5), ground in a Wiley mill (# 40 mesh sieve), and analyzed for 
carbon and nitrogen content with a Perkin Elmer 240 C Elemental Analyzer. Ash content 
was determined by ashing in a muffle furnace at 600 0 C.
Total phenolic content was determined on freeze-dried tissue extracted with a 50 
% acetone solution by the Folin-Denis method (Mole and Waterman, 1987). Absorbance 
of samples was measured at 725 nm against a reagent-only blank with a Beckman (Model 
35) spectrophotometer. Reference solutions prepared with commercial tannic acid (Sigma 
Chemical Co.) were linear between 0.1 to 0.7 absorbance units. Measurements outside 
this range were repeated. Condensed tannins were measured on the same extracts with 
the proanthocyanidin method (Mole and Waterman, 1987). Absorbance was measured 
against unheated blanks at 545 and 500 nm, respectively. Results are expressed as 
quebracho tannin equivalents per amount of tissue extracted. Gallotannins were 
determined with the iodate reaction (Mole and Waterman, 1987). Since many of the
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gallotannin assay solutions were visibly colored by plant pigments, the absorbance at 500 
nm of all samples was measured against blanks containing plant extract, but no iodate 
reagent. Calibration was accomplished with tannic acid aqueous solutions.
Calculations and Statistical Analyses
The amount of predation was calculated as the percentage of propagules scored as 
nonviable at the end of a time interval, and the data were arcsine transformed prior to 
analysis. A one or two-way ANOVA was conducted on data collected after a single time 
interval. Comparison of predation among species was performed with a multiway 
repeated measures ANOVA where species was the grouping factor and time (2 ,4 ,7 , and 
9 days) was the within-factor repeated measure. Analysis of seasonal differences in 
predation rates was also conducted with a repeated measures ANOVA, but was possible 
only for data collected in the same replicate field plots and for the same time interval (i.e., 
R. mangle propagules in five creekbank plots at three times: July 1990, December 1990, 
and July 1991). Differences in chemical composition among species were analyzed with 
one-way ANOVA for each component. A chi-square test of independence was also used 
to examine the effect of hypocotyl (R. mangle) size on predation outcome (undamaged, 
consumed, or pulled into a burrow). Significant differences among means were 
determined by Fisher's Protected Least Significant Difference (LSD) procedure or 
Scheffe’s F-test when the treatment arrangement was unstructured and by contrast 
analysis when a factorial treatment arrangement was used. Unless otherwise stated, all 
significant differences were determined at the 0.05 probability level.
RESULTS AND DISCUSSION 
Description of the Predator Guild
During dispersal, the primary predators of mangrove propagules at Twin Cays 
were crabs (Grapsidae and Ocypodidae). The damage inflicted by these crabs was
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distinctive and readily recognizable on propagules and recently rooted seedlings. A major 
predator of R. mangle propagules at Twin Cays was Goniopsis cruentata (Latreille), 
which has also been reported to feed on R. mangle propagules in Panama (Smith et al.,
1989). It is a relatively large, non-burrowing crab (carapace width = 56 mm; Warner, 
1969) that occurs in highest densities in the low intertidal zone along creekbanks where 
R. mangle dominates the canopy (Warner, 1969). This crab was observed on many 
occasions feeding on R. mangle propagules. Other grapsids that were present, but not 
directly observed feeding on propagules included Sesarma curacaoense de Man and 
Aratus pisonii (H. Milne Edwards). A second species that consumed red mangrove 
propagules was Ucides cordatus L. (Ocypodidae), the hairy land crab. This species is a 
large crab (carapace width=89 mm; Warner, 1969) that typically pulls propagules into its 
burrows where they are partially or totally consumed. Ucides cordatus burrows, which 
occurred in some R. mangle-dominated areas, were the only ones large enough to allow 
burial of R. mangle propagules.
The predators of A. germinans propagules included G. cruentata and U. cordatus, 
but also smaller, burrowing species that were not conclusively identified. Smith et al. 
(1989) reported that gastropods (i.e., Melampus coeffeus and Cerithidea scalariformis) 
were major consumers of A. germinans propagules in Florida. A Melampus sp. was 
observed feeding on A. germinans propagules at Twin Cays, but snail damage was minor 
and restricted to the interior forest dominated by A. germinans.
Consumers of L. racemosa propagules were unidentified, but presumed to be 
crabs based on the appearance of damage. Propagules were rarely pulled into crab 
burrows, and those that were damaged typically had small portions of the pericarp and/or 
embryo consumed.
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Differences in Predation among Mangrove Species
A difference in predation rate between A. germinans and the other two species 
was evident within 2 days after placement of the propagules in the forest (Figure 4. 1). 
The rate for A. germinans was initially rapid with 45% rendered nonviable within 4 days. 
Between 4 and 9 days, rate of loss decreased. Predation rates for R. mangle and L. 
racemosa were much lower by comparison (< 13 % over 4 days). Cumulative predation 
over 9 days was 2 to 3 times higher for A. germinans than for R. mangle or L. racemosa, 
which were not significantly different (Figure 4.1). Not only were there differences 
among species in terms of predation rate, but also in how viability was lost, which may 
reflect differences in primary predators. Avicennia germinans propagules were frequently 
pulled into crab burrows, whereas few R. mangle or L. racemosa propagules were taken 
underground at these experimental sites. The controls, which were tethered in the same 
plots, were never damaged or pulled into burrows.
The results of this experiment are in partial agreement with those of Smith (1987), 
Smith et al. (1989), and Smith and Duke (unpublished ms) who found that predation of 
Avicennia spp. was several times higher than that of Rhizophora spp. Consumption of 
A. germinans in Belize was lower (45% in 4 days), however, compared to rates reported 
for Florida (87.5% in 4 days) (Smith et al., 1989). The rate for R. mangle (4% in 4 
days) in Belize was intermediate to that in Florida (0% in 4 days) and Panama (ca. 20% in 
4 days) (Smith et al., 1989). Predation rate for L. racemosa in Belize (13% in 4 days) 
was lower than that reported for Panama (ca. 35 %) (Smith and Duke, unpublished). 
Smith and Duke (unpublished ms) found that predation of L. racemosa was intermediate 
to that of R. mangle and A. germinans in Panamanian forests. In Belize, however, 
cumulative predation of L  racemosa propagules was not significantly different from that 
of R. mangle.
Smith et al. (1989) attributed differences in rates of predation among locations in 








Z  Cs3 O -  
Z  =1








Figure 4.1. Cumulative predation of Rhizophora mangle, Avicennia germinans, and 
Laguncularia racemosa propagules. Results (mean ± standard error) are expressed as the 
percentage of propagules scored as nonviable at 2 ,4 ,7 , and 9 days in five replicate plots. 
A repeated measures ANOVA indicated significant main effects of species (F2,i2 = 
12.735, P = 0.0011) and time (F3 36 = 39.6, P = 0.001), but no interaction (F6 36 = 
0.608, P = 0.722).
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guilds. The relative importance of grapsid crabs, in particular, appears to decline from 
the Indo-Pacific region to the neotropics. A major predator of R. mangle in Belize and 
Panama is G. cruentata, which is not abundant in Florida mangrove forests (T.J. Smith,
III., pers. comm.). This may account for the low rate of R. mangle predation in the latter 
location. The primary predators of A. germinans in Florida were snails and an 
unidentified, water-borne organism (Smith et al., 1989), whereas viability of A. 
germinans propagules at Twin Cays was lost through direct consumption by crabs or 
burial in burrows.
Effect of Propagule Chemical Composition on Predation
Seed qualities such as energy content, defensive chemicals, lipid content, water 
content, and nitrogen or protein content are considered to be important determinants of 
seed predation. Contradictory results can arise, however, because positive attributes 
often offset negative ones. For example, presence of saponins or non-protein amino 
acids was sufficient to offset a higher protein content in seeds in a comparison of 29 
grassland plant species (Henderson, 1990).
Significant differences among the three mangrove species in Belize were found 
for fresh (F2,9i = 415.91, P = 0.0001) and dry (F2,9i = 315.03, P = 0.0001) mass, 
water content (F2,9i= 46.95, P = 0.0001), C:N ratio (F2,29 = 92.16, P = 0.0001), ash 
content (F2,29= 38.931, P = 0.0001), total phenols (F2,29= 121.61, P = 0.0001), 
condensed tannins (F2,29= 796.89, P = 0.0001), and gallotannins (F2,29= 124.09, P =
0.0001) (Table 4.1). Although no single factor measured was consistent with the pattern 
of predation among all three species, nutritive quality was higher and content of defensive 
compounds was lower in A. germinans propagules compared to the other two species 
(Table 4.1, Figure 4.1). This difference in palatability is consistent with the higher 
consumption rate for A. germinans propagules. Smith (1987) found that protein, sugar,
Table 4.1. Some physical and chemical characteristics of Rhizophora mangle. Avicennia germinans. and Laguncularia racemosa 
propagules. Values represent the mean ± standard error (in parentheses) (n = 37 for fresh and dry wt and water content and 10 
for remainder of components); significant differences (P < 0.05) are indicated by a different letter following the mean (within column). 
Concentrations of secondary chemicals are expressed as mg tannic acid (total phenols and gallotannins) or Quebracho tannin 













Ayicennia 1.01b 0.39b 61.8c 36.6a 4.70a 38a 7a Oa
(0.04) (0.02) (0.3) (1.1) (0.22) (2) (1) (0)
Rhizophora 10.12a 4.46a 56.0b 72.6b 3.80a 60b 27b 646c
(0.39) (0.20) (0.8) (3.0) (0.12) (2) (1) (22)
Laguncularia 0.28b 0.14b 49.0a 38.5a 8.61b 91c 39c 68b
(0.01) (0.01) (1.9) (1.7) (0.67) (3) (2) (4)
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fiber, and tannin content together best explained differences in propagule predation 
among five Australian mangrove species.
Effect of Propagule Size on Predation
Henderson (1990) in a comparison of factors such as seed length, mass, 
abundance, patchiness, % N, energy content, and chemical defenses found that seed 
preference by kangaroo rats was best predicted by seed length. In this case, seed 
apparency appeared to be an important factor determining preference among seeds of 
different species (Henderson, 1990). Smith (1987) compared predation of five 
Australian mangrove species that varied in size from 1 to 30 g fresh mass, but concluded 
that size was less important than nutritive quality based on principle component analysis 
of physical and chemical characteristics of these species' propagules.
When size of propagules was manipulated by cutting the hypocotyl of R. mangle 
into different lengths, the outcome was different depending on the size of the hypocotyl 
section (Table 4.2). More than 20 % of the small sections were pulled into crab burrows 
in 4 days, compared to the large sections where only one of these was taken partially into 
a buiTow. The large sections were damaged primarily by consumption aboveground. 
These results indicate that propagule size, in addition to chemical composition, influences 
predation. Since the composition of the crab community varies spatially across the 
intertidal zone (Warner, 1969), the impact of predation on large versus small propagules 
may also vary with relative dominance, size, and feeding behavior of crabs. For 
example, only large burrows (5-10 cm in diameter) such as those constructed by U. 
cordatus could allow burial of R. mangle propagules. In contrast, A. germinans 
propagules were taken into crab burrows as small as 2 cm in diameter and, consequently, 
were vulnerable to a wider range of crab predators than R. mangle. It was unclear why 
L. racemosa propagules, which were smaller than those of A. germinans, were not
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Table 4.2. Results of chi-square test of independence for size and type of damage to 
propagules. Rhizophora mangle hypocotyls were cut into small (2 cm length) or large 
(15 cm length) sections, tethered in six replicate plots, and retrieved after 4 days. 
Observed values indicate number of propagule sections that were undamaged, consumed, 
or pulled into a crab burrow. X2.q5 = 5.99 (2 degrees of freedom).
Observed Values:
Outcome
Size Undamaged Consumed Burrow Total
Small 11 25 12 48
Large 7 40 1 48
Total 18 65 13 96
Expected Values:
Outcome
Size Undamaged Consumed Burrow Total
Small 9 32.5 6.5 48
Large 9 32.5 6.5 48
Total 18 65 13 96
Chi-Square Values:
Outcome
Size Undamaged Consumed Burrow Total
Small 0.45 1.73 4.65 6.83
Large 0.45 1.73 4.65 6.83
Total 0.90 3.46 9.30 13.66
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usually pulled into crab burrows. A high gallotannin content (Table 4.1), however, may 
have discouraged feeding by burrowing crabs.
Effect of Growth Stage on Predation §
Because mangrove seedlings retain their embryonic structures for an extended 
period of time after rooting, they may continue to attract propagule predators. Qualitative 
observations at Twin Cays and nearby mangrove ranges indicated that rooted seedlings 
were often damaged by crabs. In most cases it was difficult to determine whether damage 
occurred before or after establishment. However, a few seedlings exhibited recent 
damage attributable to crabs.
A comparison of predation rates of propagules with that of rooted seedlings 
showed that while a significant difference occurred between R. mangle and A. germinans 
as before, there was no effect of growth stage on predation (Table 4.3). Examination of 
the damage, which was mainly confined to R. mangle's hypocotyl and A. germinans' 
cotyledons, indicated that crabs were attacking both propagules and rooted seedlings. 
Thus, newly-established seedlings appear to be as vulnerable as propagules to 
consumption by crabs. The implication of this result is that the influence of predators on 
mangrove distribution extends beyond the period of dispersal and may be modified by the 
persistence of embryonic structures, which differs among mangrove species.
Effect of Forest Location on Predation Rates
Relative tree densities measured at 5 m intervals from the water's edge to 55 m in 
the island interior demonstrated spatial variation in mangrove species dominance at Twin 
Cays (Figure 3.1b). Rhizophora mangle dominated a 20 m wide zone adjacent to open 
water and occurred as a monospecific stand along the creekbank (Figure 3.1b). The zone 
extending from 30 to 50 m was dominated by A. germinans (Figure 3. lc). Laguncularia 
racemosa trees occurred infrequently between 10 and 15 m from the creekbank and never
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Table 4.3. Effect of growth stage on cumulative predation of Rhizophora mangle and 
Avicennia germinans. Values are the mean percentage ± standard error of unrooted 
propagules or rooted seedlings scored as nonviable after 8 days (n=5 plots). A 2-way 
ANOVA indicated a significant main effect of species (Fj ig = 28.60, P = 0.0001), but 









1 6 ± 4 14 ± 8 15 ± 4
64 ± 8 48 ± 9 56 + 6
Overall 40 ± 9 31 ± 11
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dominated the canopy at this site (Figure 3.1b). Relative densities of R. mangle and A. 
germinans seedlings also varied with distance from the creekbank and were highest in 
areas of conspecific adult dominance (Figure 3.3). Relative densities of L. racemosa 
seedlings, which were high between 5 and 30 m, often exceeded the relative densities of 
R. mangle and/or A. germinans seedlings (Figure 3.3).
When predation was examined across these distinct vegetation zones (Figure 3.1) 
in December 1989, the pattern was the same for propagules of both species with the 
highest rates at creekbank locations where R. mangle was dominant and significantly 
lower rates farther inland where A. germinans was either dominant or codominant (Table 
4.4). Smith et al. (1989) also found higher propagule consumption in low intertidal, 
Rhizophora-dommated forests compared to high intertidal, Avicennia-dominated forests 
in Panama.
A similar pattern of high consumption rates in areas dominated by R. mangle was 
again observed at Twin Cays in July 1992 (Table 4.5). In particular, R. mangle 
propagules placed in R. mangle-dominated sites were consumed at a high (97 ± 3 % in 6 
days) and similar rate to A. germinans propagules (100 ± 0 % in 6 days) (Table 4.5).
The high predation rates at these forest sites were attributed to the presence of U. 
cordatus, which pulled the propagules of both R. mangle and A. germinans into its 
burrows where they were heavily damaged or totally consumed.
Consistent with previous work (Smith, 1987a and c; Smith et al., 1989; Smith 
and Duke, unpublished), A. germinans conformed to the predation-dominance model,
i.e., predation was highest where this species was absent from the canopy and lowest 
where it was dominant or codominant. Predation rates of R. mangle propagules also 
varied spatially, but in a pattern inconsistent with the predation-dominance model, i.e., 
rates were always highest in areas of conspecific dominance and relatively lower at sites 
dominated by A. germinans (Tables 4.4 and 4.5). Furthermore, predation of A.
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Table 4.4. Cumulative predation of Avicennia germinans and Rhizophora mangle 
propagules measured in December 1989 in three vegetation zones occurring parallel to the 
shoreline: a creekbank zone dominated by R. mangle, a transition zone with both species 
present in canopy, and an interior zone dominated by A. germinans (see Fig. 3c for 
relative densities of trees). Values (mean ± standard error; n=3 plots) indicate the 
percentage of propagules scored as nonviable after 9 days. Results of a 2-way ANOVA 
indicated significant main effects of zone (F242 = 7.99, p = 0.006), but not species 








R. mangle dominant 29 ± 11 75 ± 7 52 ± 12
Transition 13 ± 7 17 ± 17 15 ± 8
A. germinans dominant 4 ± 4 15 ± 1 0 10 ± 5
Overall 15 ± 5 36 ± 12
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Table 4.5. Cumulative predation rates of Rhizophora mangle and Avicennia germinans 
propagules during July 1992 in three forest types: a R. mangle site along a creekbank and 
another 10-12 m inland and an A. germinans site (10-30 m from creekbank). Values 
(mean ± standard error; n = 3 plots) are the percentage of propagules scored as nonviable 
after 6 days. Results of a 2-way ANQVA indicated significant main effects of forest type 
(F2,12 = 44.65, P = .0001) and propagule species (F112 = 23.06, P = 0.0004), but no 








R. mangle (creekbank) 73 ± 6 97 + 3 85 ± 6
R. mangle (inland) 97 ± 3 100 ± 0 98 ± 2
A. germinans 13 ± 13 63 ± 7 38 ± 12
Overall 61 ±16 87 ± 6
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germinans. propagules either equaled (Table 4.4) or exceeded (Table 4.5) that of R. 
mangle propagules at A. germinans-dominated sites. Thus, predation cannot account for 
the spatial variation in occurrence of R. mangle nor the dominance of A. germinans at 
inland locations.
The infrequent occurrence of L. racemosa trees at Twin Cays also does not appear 
to be due to predation. Even though there were insufficient propagules to assess 
predation rates across all forest locations, rates in the creekbank plots were not 
significantly different from that of/?, mangle, which dominated the canopy (Figure 4.1). 
In addition, the occurrence of high relative densities of L. racemosa seedlings 
demonstrated that predators were not preventing establishment of this species in zones 
dominated by R. mangle and A. germinans (Figure 3.2).
Temporal Variation in Predation Rates
Since predation experiments in other geographic regions have been conducted 
during a single time interval, there has previously been no indication that predation rates 
vary during the dispersal period (Smith, 1987a & c; Smith et al., 1989; Smith and Duke, 
unpublished data). The results obtained at Twin Cays, however, showed that absolute 
rates of propagule consumption were high at the beginning of propagule fall (July) and 
relatively lower after peak dispersal (December) (Figure 4.2). Although repeated 
measures analysis of data for all species and forest locations could not be conducted (due 
to inconsistent levels of replication, plot location, and time intervals), predation of R. 
mangle propagules, which was determined at three different times in the same creekbank 
plots, was significantly lower in December 1990 compared to July 1990 and 1991 (F2,8 =
13.0, P = 0.0031, Scheffe’s F-test).
Possible reasons for variation in predation rates include seasonal differences in:
1) abundance or activity of predators, 2) chemical composition of propagules, 3) 
abundance of propagules, and/or 4) availability of alternative food sources for predators.
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Regardless of the reason, the results indicate that the influence of predators on propagule 
viability not only varies spatially and among species, but also temporally.
Long-Term Effects of Predation on Survival of R. mangle Seedlings
Previous work that examined short-term losses to predators suggested that R. 
mangle was an exception to the predation-dominance model (Smith et al., 1989; Smith 
and Duke, unpublished data). Predation patterns for R. mangle at Twin Cays also failed 
to conform to this model (Tables 4.4 and 4.5). However, since predators continue to 
exert an effect after seedlings become established (Table 4.3), it is possible that short­
term experiments do not accurately assess long-term losses of this species to predators.
When R. mangle propagules were planted in four locations across the intertidal 
and survival assessed after 6 months, it was clear that many more propagules survived at 
interior sites compared to those closest to the creekbank (Figure 4.3). Only 5 % of the 
propagules placed in plots 2 m from the shoreline survived from December 1989 to July 
1990. All of the propagules placed at this location had been damaged by crabs, and many 
had been severed just above the soil line. Even those seedlings that had rooted and were 
viable after 6 months had had portions of their hypocotyl consumed. The type of damage 
was consistent with that inflicted by G. cruentata. Survival of seedlings increased and 
evidence of crab damage declined with increasing distance from the shoreline. Almost 
80% of the seedlings at plots located 30 m inland survived 6 months. Although a few 
(5%) exhibited damage attributable to crabs, most that did not survive (15 %) appeared to 
succumb to abiotic factors (e.g., desiccation). Thus, the long-term effect of predators on 
survival of R. mangle was most intense at locations where this species dominated the 
canopy (Figure 3.1). These results provide additional evidence that R. mangle is an 
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Figure 4.2. Comparison of Rhizophora mangle and Avicennia germinans propagule 
predation rates measured at the beginning (July) and the end (December) of the dispersal 
period in plots located along R. mangle-dominated creekbanks. Predation rates are the 
percentage of propagules scored as nonviable after 9 days, except for July 1992 when 
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Figure 4.3. Mean percent ± standard error of Rhizophora mangle seedlings surviving 6 
months at 2, 5,15, and 30 m distance from open water (n = 4 plots). Values inside bars 
indicate the percentage of seedlings (live and dead combined) exhibiting damage 
attributable to crabs. A one-way ANOVA indicated a significant effect of location on 
survival (F3J 2 = 9.15, P = 0.002). Significant differences in percent survival are 
indicated by a different letter above bar (P < 0.05, Fisher's Protected LSD).
CONCLUSIONS
Predation had a significant impact on mangrove propagule viability, and 
interspecific differences in size and palatability were important factors influencing relative 
predation rates. The spatial patterns of propagule consumption, however, were not 
entirely consistent with mangrove species distribution across these island forests. 
Although predation may play a role in the exclusion of A. germinans from some areas 
(e.g., along creekbanks), it cannot account for the spatial variation in dominance of R. 
mangle, nor the infrequent occurrence of L. racemosa trees at Twin Cays. Other factors 
such as elevation, frequency of tidal inundation, salinity, soil redox potential and light 
levels also vary from the shoreline to the interior of the island (Chapter 2) and are 
probably involved in determining species distributions at this site.
These results contribute to an emerging pattern in which the relative importance of 
predators in structuring mangrove forests varies among geographic regions. Predation of 
mangrove propagules was consistent with the intertidal distribution of 80% of species 
examined in Australia (Smith, 1987a), 75% in Malaysia (Smith et al.,1989), 50% in 
Panama (Smith and Duke, unpublished ms), 50% in Florida (Smith et al., 1989), and 
33% in Belize (this study). A complete explanation for this geographic variation in 
importance of propagule predators will not only require a better understanding of factors 
controlling abundance and distribution of the predator guild, but also consideration of the 
relative influence of other factors that vary across the intertidal.
CHAPTER 5
INTERSPECIFIC VARIATION IN RELATIVE GROWTH RATE, BIOMASS 
PARTITIONING, AND DEFENSIVE CHARACTERISTICS OF 
NEOTROPICAL MANGROVE SEEDLINGS
INTRODUCTION
Seedling dynamics is considered to be an important process structuring many 
types of plant communities. The seedling stage is a critical phase in the life cycle of all 
seed plants, but is particularly crucial for mangroves. As a group, mangroves have a 
limited capacity for vegetative reproduction and are thus dependent on the successful 
establishment and survival of seedlings for forest regeneration and spread (Tomlinson, 
1986). The mangrove environment is also unusually inimical to seedling survival and 
growth. Mangrove seedlings must not only cope with stresses typical of other forest 
systems (e.g., shading and herbivory), but must withstand unstable and anaerobic 
substrates, periodic submergence by tides, and high salinity.
In addition to variation in external factors that may affect plant performance, the 
relative success of mangrove seedlings will be influenced by differences in inherent 
growth characteristics. All plant species differ in terms of relative growth rate (RGR) 
(Grime and Hunt, 1975), the degree to which their tissues are protected against 
herbivores and pathogens (Coley, 1983), and their general stress tolerance (Chapin, 
1991). Since mangroves represent a taxonomically-diverse group of plants, sympatric 
species often differ in their morphology, phenology, physiology, and specific adaptations 
to the mangal habitat (Tomlinson, 1986). Thus, it is likely that they also differ in terms 
of life history characteristics such as seedling RGR, morphological plasticity, biomass
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partitioning, and defensive chemicals. An understanding of how external factors may 
affect mangrove seedlings first requires some knowledge of these basic plant traits, which 
determine a species' potential for growth and survival. This type of information is 
generally lacking for mangroves, but is necessary for an accurate interpretation of 
seedling responses across environmental gradients.
The objective of this investigation was to compare three sympatric species of 
mangrove in terms of seedling growth rates, biomass partitioning, and content of 
defensive chemicals and to relate these characteristics to performance in a stressful 
environment. The results, which indicate substantial differences among these mangrove 
species, provide a foundation for an evaluation of the mechanisms determining seedling 
success or failure in the mangal.
MATERIALS AND METHODS
Plant Material
Propagules of Rhizophora mangle L., Avicennia germinans (L.) Steam., and 
Laguncularia racemosa (L.) Gaertn.f. were collected in Belize during dispersal (July - 
December). The size and morphology of the three species' propagules differ 
substantially. Rhizophora is viviparous (i.e., the embryo emerges from the seed coat 
and the fruit while still attached to the parent), and the large propagules (average fresh 
mass = 10.1 g) consist of an elongated hypocotyl (average length = 24.3 cm) and an 
unexpanded plumule. The fused cotyledons are detached and remain inside the fruit 
when the seedling separates from the parent tree. Avicennia is cryptoviviparous (i.e., the 
embryo emerges from the seed coat, but not the fruit, while still attached to the parent). 
The thin pericarp is shed quickly after detachment, however, leaving a flattened, oval­
shaped dispersal unit that consists of two folded cotyledons (average fresh mass =1.0  g). 
Laguncularia is not considered to be vivparous, but germination occurs soon after
127
detachment (within 10 days, personal observation by author) and often during dispersal. 
The dispersal unit, which is small (average fresh mass = 0.3 g) and obovoid in shape, 
thus consists of the embryo enclosed by the pericarp.
The propagules were collected from several sites, including mangrove islands 
located along the barrier reef system (16°50'N, 88°06'W) as well as the mainland 
(17°00’N, 88°15'W) and examined for evidence of insect infestation (e.g., larvae, 
entrance or exit holes, frass, etc.) that could damage the developing seedling. Propagules 
determined to be free of insect predators were transported to the greenhouse where they 
were established in individual pots containing sand irrigated with 10 % (w/v) artificial 
seawater (Instant Ocean) supplemented with a 10 % nutrient solution (Hoagland and 
Amon, 1950). After two months, most of the seedlings had taken root and produced a 
single leaf pair. Any seedling that showed signs of impaired development was discarded.
It should be noted that although the point at which the seedlings cease to be 
dependent on embryonic reserves is clearly evident (senescence of the cotyledons) and 
occurs relatively early (two to three months after rooting) for Avicennia and Laguncularia, 
this transition is not as apparent for Rhizophora. Rhizophora'$ large hypocotyl, which 
can comprise as much as 50 % of the seedling biomass, can persist for several years, 
depending on environmental conditions. Both of the experiments described below were 
initiated after Avicennia and Laguncularia had lost their cotyledons, but while 
Rhizophora's hypocotyl was still intact.
Experimental Design
Response to nutrient availability. Seedlings with similar dimensions were selected from 
the populations of each species and divided into two groups. The seedlings were 
carefully removed from their containers by slowly flushing the sand from around the 
roots. Fresh weights were determined for all seedlings, and 10 individuals per species 
were harvested immediately to provide an initial fresh to dry weight relationship. A
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second set of seedlings was used to determine RGR, biomass partitioning, and content of 
defensive chemicals under two different nutrient regimes. Twenty seedlings per species 
were repotted in a commercial potting soil (lacking nutrient supplement), and the pots (21 
volume) placed in saucers that were kept filled with a 10 % seawater solution (2 cm 
depth). The soil was flushed with the dilute seawater every two days to prevent buildup 
of salts. The 16 surviving transplants per species were then randomly assigned to two 
treatments: 10 and 100 % nutrient solution (Hoagland and Amon, 1950) both 
supplemented with artificial sea salts at an optimal concentration (10 % seawater) for 
growth of these species (personal observation by author). The nutrient solution was 
added to the soil surface of each pot at a rate of 250 ml per week. Excess was allowed to 
collect in the saucers, which were kept filled with dilute seawater. The seedlings were 
maintained in a growth chamber at max/min temperatures of 27/24° C and a 14 h light 
period with a quantum irradiance at mid canopy level of 400 (imol n r  2 s‘ l(Li-Cor 185 A 
quantum meter). At the end of 20 weeks, the seedlings were measured, divided into 
parts, and freeze-dried (LabConco Freeze-Dryer, Lyph-Lock 6).
Response to light availability. A second set of seedlings was prepared as described 
above. Fresh weights were determined and a subset of ten individuals was harvested to 
provide an initial fresh to dry weight relationship. Ten seedlings per species were 
repotted as above and given a 50 % nutrient solution supplemented with sea salts (10% 
seawater) once a week. The experiment was initiated by randomly assigning the 
seedlings to one of two light levels. The lower light level treatment (37 ± 1 (imol n r 2 S-1 
= average quantum irradiance at mid-canopy level) was created with shade cloth and 
approximated the light intensity under a dense mangrove canopy (Feller and McKee, 
unpublished data). The higher light level treatment was unshaded and generated an 
average quantum irradiance at mid-canopy level of 399 ± 4 (imol n r 2 s- l, which is 
similar to that measured in small canopy gaps (Feller and McKee, unpublished data). The
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seedlings were maintained in a growth chamber at max/min temperatures of 27/24° C and 
a 14 h light period. After seven weeks, the seedlings were measured, divided into parts, 
and freeze-dried.
Analyses
Average relative growth rates (RGR) over the experimental period were calculated
as
(In W2 - In W j)
RGR =  ,
t 2 - t i
where W j and W2 are the seedling dry masses at the beginning and end of the 
experimental period, t2 -tj. Leaf area was determined gravimetrically (Beerling and Fry,
1990) with photocopies of fresh leaves. Leaf area ratio (LAR) was determined by 
dividing the leaf area (cm2) by the total seedling biomass (g). Leaf production rate was 
determined by subtracting the combined number of leaves and scars present initially from 
that present at the end of the experiment and dividing by the time interval. Leaf, stem, 
and root weight ratios (LWR, SWR and RWR, respectively) were calculated by dividing 
the biomass of those parts by the total seedling biomass. Leaf toughness was determined 
with a penetrometer (after Feeney, 1970) and expressed as the weight required to punch a 
0.5 cm metal rod through the leaf blade.
The freeze-dried leaf tissue was ground in a Wiley Mill (to pass a #40 mesh sieve) 
and stored in a vacuum desiccator until analysis. An aliquot of the ground tissue was 
used for determination of C and N content (Perkin Elmer C-N-H Analyzer). Ash content 
was determined by ashing the ground, freeze-dried tissue in a muffle furnace at 650°C. 
The ground leaf tissue was also analyzed for content of defensive chemicals after 
extraction in a boiling 50% aqueous acetone solution. The cooled extract was used to 
determine total phenolic content by the Folin-Denis assay; condensed tannins (BuOH/HCl
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assay for proanthocyanins); and the iodate assay for gallotannins (see Mole and 
Waterman, 1987 for detailed description of extraction and assays).
The data from each experiment were analyzed by a 2-way ANOVA, and 
differences among means were differentiated with 1 degree of freedom contrasts. In 
cases where the variance was heterogeneous, the data were log-transformed prior to 
analysis.
RESULTS
Resource availability had a significant effect on growth and biomass partitioning 
by the three species, with low nutrient or light levels minimizing species differences in 
RGR, leaf production, and branch growth (Figure 5.1, Table 5.1). At high nutrient or 
light levels, growth differed significandy among species in the following order: 
Rhizophora < Avicennia < Laguncularia (Figure 5.1). Higher nutrient levels resulted in 
greater investment in leaf area and maximized differences in total leaf area, number of 
leaves, and LAR among species (Table 5.2). Investment in stem biomass by Avicennia 
and Laguncularia was increased by greater nutrient availability (Table 5.2). At low 
nutrient levels, there was greater investment in root biomass by all three species. A 
significant interaction between species and nutrient treatment indicated that species 
differences were maximized at low nutrient levels (Table 5.2).
Shading caused a significant decrease in total leaf area and numbers of leaves and 
an increase in SLA for Avicennia and Laguncularia, but not Rhizophora (Table 5.3). 
Investment in stem biomass by Laguncularia was significantly increased by high light, 
whereas Avicennia and Rhizophora showed no differences between treatments (Table 
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Figure 5.1. Effect of nutrient and and light levels on relative growth rate (RGR), leaf 
production, and branch growth by Rhizophora mangle, Avicennia germinans, and 
Laguncularia racemosa seedlings. Values are the mean ± SE (n = 8 or 5 for nutrient and 
light treatments, respectively). See Table 5.1 for results of ANOVA.
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Table 5.1. ANOVA results for mangrove growth (Figs. 5.1 & 5.2) response to nutrient 
and light availability. F-values are given in table and probability (F < 0.05 and F < 0.01) 
indicated by * and **, respectively. NS = nonsignificant F.
Variable
Leaf Branch Shoot Root:










































Treatment 132** 50.0** 53.3** 38.9** 36.9**
Species 67.0** 50.0** 28.9** NS 567**
T x S  46.2** 19.2** 16.5** 11.4** 10.2**
Contrasts (High vs Low):
Rhizophora NS NS NS NS NS
Avicennia 37.4** 16.8** 11.3** 32.3** 23.5**
Laguncularia 180** 73.1** 77.5** 30.2** 34.0**
Table 5.2. Biomass partitioning and leal characteristics measured in Rhizophora mangle, Avicennia germinans, and Laguncularia 
racemosa seedlings grown under two nutrient regimes. Values are the mean ± SE (in parentheses); (n = 8). Results of ANOVA and 1 
df contrasts are given at the end of the table. Significant F values are indicated by * (P < 0.05), ** (P < 0.01), and *** (P < 0.001); 
NS = nonsignificant F.
LWR SWR RWR
Rhizophora
Low 0.426 0.163 0.410
(0.020) (0.008)
High 0.611 0.170 (K220
(0.012) (0.007) (0.010)
Avicennia
Low 0.327 0.309 0.364
(0.013) (0.011) (0 .022)
High 0.493 0.363 0.144
(0.017) (0.011) (0 .010)
Laguncularia
Low 0.209 0.203 0.559
(0.010) (0.008) (0.009)




LAR SLA leaf aiea leaf area #
38.0 89 18.2 83 4.6
(2.2) (3) (0 .8) (7) (0.4)
57.1 93 29.5 229 8.0
(3.0) (3) (2.8) (16) (0.5)
36.4 110 6 78 13.5
(3.3) (6) (0.5) (7) (1.3)
67.8 138 10.2 511 52
(4.8) ( 10) ( 1.0) (44) (4.5)
38.9 164 11.2 77.2 6.9
(L7) (4) (0.5) (9.2) (00.8)
48.7 123 19.1 883 52.3
(1.9 (2) (3.0) (24) (6.4)
Treatment 199*** ^3 q*** 502*** 66.3*** NS 27.7*** 607*** 250***
Species 171*** 158*** 89.0*** 3.86* 4.3.8*** 37.5*** 24.3*** 110***






97.8*** NS 120*** 20.1*** NS
78.7*** 16.7*** 161*** 54.8*** 13 0 **





Table 5.3. Biomass paititioning and leaf characteristics measured in Rhizophora mangle, Avicennia germinans, and Laguncularia 
racemosa seedlings grown under two light regimes. Values are the mean ± SE (in parentheses); (n = 5). Results of ANOVA and 1 df 
contrasts are given al the end of the table. Significant F values are indicated by * (P < 0.05), ** (P < 0.01), and *** (P < 0.001); NS
= nonsignificant F.








Low 0.329 0.184 0.428 43.8 119 22.7 138 2.4
High
(0.023) (0.016) (0.034) (2.3) ( 11) (3.9) (15) (0.4)
0.313 0.180 0.43 41.6 107 26.5 135 2.0
Avicennia
(0.013) (0.011) (0 .011) (1.9) (2) (2.0) (6) (0)
Low 0.272 0.318 0.379 56.1 217 13,6 185 7.6
High
(0.016) (0.012) (0.008) (3.4) (9) (3.3) (35) ( 1.2)
0.321 0.302 0.340 53.5 149 11.9 327 18.2
(0.009) (0.008) (0.005) (2.4) (13) (1.4) (33) (2.9)
Laguncularia
Low 0.450 0.237 0.266 105.2 279 15.0 172 5.5
High
(0.015) (0.018) (4.9) (24) (1.3) ( 10) ( 1.0)
0.472 0.293 M M ) ' 93.7 165 17.8 678 32.7
(0.014) (0.013) (0.005) (3.9) ( 12) (2. 1) (48) (5.4)
Source:
Treatment 1.90 1.22 6.78* 3.17 39 9 *** 0.62 55.2*** 46.6***
Species 62.0*** 3*** 77 7*** j Ŝ ~j * * * 38.8*** j j 32* * * 36.0*** 88.4***
Treatment x Species 2.11 4 J4 * 2.36 0.328 8.04** 0.664 19 7*** 20.0***
Contrasts:
High vs Low
Rhizophora NS _ NS NS NS
Avicennia - NS - - 14.9** 16.32*** 17.46***
Laguncularia - 9.09** - - 41.9** - 79 92*** 69.31***
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pattern across species (Rhizophora > Avicennia > Laguncularia), however, was not 
affected by light level (Table 5.3).
After five month's growth at high nutrient levels, shoot height and stem branching 
were highest for Laguncularia, intermediate for Avicennia, and lowest for Rhizophora 
(Figure 5.2). R oo t: shoot ratios for all three species were less than 0.5 (Figure 5.2). At 
low nutrient levels, however, Laguncularia and Avicennia shoot height was less than that 
for Rhizophora. Laguncularia and Avicennia, which increased roo t: shoot ratios in 
response to low nutrients, had almost 1.5 and 0.5 times, respectively, the amount of 
biomass invested in root as in shoot biomass. Higher light levels also resulted in a 
greater height and lower roo t: shoot ratios for Avicennia and Laguncularia , but not 
Rhizophora (Figure 5.2, Table 5.1).
Interspecific differences in physiological and morphological plasticity were also 
apparent. Rhizophora showed a relatively lower flexibility in RGR, leaf production, stem 
branching, SLA, SWR, and RWR in response to resource availability (Figures 5.1 and
5.2). In contrast, Laguncularia and Avicennia exhibited substantial differences in growth 
and biomass partitioning at different light and nutrient regimes.
There were also differences among species and with nutrient or light treatment in 
allocation to defensive chemicals and nutrient content (Tables 5.4 and 5.5). Content of 
total phenols was high in Laguncularia and Rhizophora leaves and relatively lower in 
Avicennia leaves. The amount of condensed tannins was highest in Rhizophora, 
substantially lower in Laguncularia, and absent from Avicennia leaves. Content of 
gallotannins was high in Laguncularia leaves and minimal in Rhizophora and Avicennia 
leaves. Laguncularia had the lowest leaf nutritive value, as indicated by the C : N ratios.
The relative amounts of defensive chemicals and nutritive value among species 
were also influenced by nutrient regime (Table 5.4). An increase in nutrient availability 
resulted in significantly lower concentrations of C-based defenses in Rhizophora and 
Avicennia, but not Laguncularia leaves. Total phenols and condensed tannins in
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Figure 5.2. Effect of nutrient and and light levels on shoot height and root: shoot ratio in 
Rhizophora mangle, Avicennia germinans, and Laguncularia racemosa seedlings. Values 
are the mean ± SE (n = 8 or 5 for nutrient and light treatments, respectively). See Table 
5.1 for results of ANOVA.
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Table 5.4. Effect of nutrient level on C-based defensive compounds, carbon : nitrogen 
ratio, and ash content of mangrove leaves. Rhizophora mangle, Avicennia germinans, 
and Laguncularia racemosa seedlings were grown for 20 weeks in a high or low nutrient 
regime. Values are the mean ± SE (n=8). Concentrations of defensive compounds are 
expressed as equivalents of gallic acid (GAE) or quebracho tannin (QTE) per ash free dry 
weight. Results of a 2-way ANOVA are presented at the end of the table. F values are 
given and probability of a value < 0.05, 0.01,0.001 is indicated by *, **, and ***, 
respectively; NS = nonsignificant F (P > 0.05).
Total 
Phenolics 
(mg GAE g '1)
Rhizophora
Low 2 8 .0 ± 1 .8
High 14.7 1  1.5
Avicennia
Low 8.8 ± 0.5
High 5.8 1  0.3
Laguncularia
Low 22.4 1  0.2
High 2 3 .1 1 0 .4




T x S  18.5***





(mg GAE mg'1) Tannins
(mg QTE mg'1)
0.017 1  0.002 0.973 10.048 
0 .00610.001 0.518 10.031
0.002 1  0.001 0.000 1  0.000
0.002 1  0.001 0.000 10.000
0.268 1  0.015 0.028 1  0.004










3 7 1 2  
1 8 1 1
3 3 1 1  
1 4 1 1
4 5 1 1  







8.8 1  0.3
12.0 1  0.3
13.5 1  0.4
14.1 1 0 .3
9.4 1  0.3 








Table 5.5. Effect of light level on C-based defensive compounds, toughness, and ash 
content of mangrove leaves. Rhizophora mangle, Avicennia germinans, and 
Laguncularia racemosa seedlings were grown for 20 weeks in a high or low light regime. 
Values are the mean ± SE (n=5). Concentrations of defensive compounds are expressed 
as equivalents of gallic acid (GAE) or quebracho tannin (QTE) per ash free dry weight. 
Leaf toughness is expressed as the weight required to punch a 0.5 cm diameter rod 
through a leaf blade. Results of a 2-way ANOVA are presented at the end of the table. F 
values are given and probability of a value < 0.05,0.01,0.001 is indicated by *, **, and 
***, respectively; NS = nonsignificant F (P > 0.05).
Total 
Phenolics 
(mg GAE g '1)
Rhizophora
Low 24.4 ± 2.7
High 30.0 ± 2.7
Avicennia
Low 7.0 ± 0.73
High 14.6 ± 1.32 
Laguncularia
Low 36.2 ± 8.8
High 59.2 ± 5 .1
Results of ANOVA 
Source of Variation:
Treatment 12.56 ** 
Species 39.35***
T x S  NS





(mg GAE m g'1) Tannins
(mg QTE mg'1)
0.004 ± 0.001 
0.003 ± 0.000
0.004 ±0.001 0 ± 0
0.006 ± 0.001 0 ± 0
0.211 ±0.034 0.079 ±0.013 
0.298 ±0.021 0.231 ±0.024
5.56* 9.54*





Toughness % Ash 
(g)
513 ± 2 2  10.9 ± 1 .6
620 ± 34 8.5 ± 0.23
362 ± 26 13.8 ± 0.2
763 ± 3 0  12.7 ± 1 .1
346 ± 2 5  13.7 ± 0 .9







1.31 ± 0.33 
1.45 ± 0.30
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Laguncularia leaves were similar for both nutrient regimes. When availability of nutrients 
was high, Laguncularia's leaves had the lowest nutritive value and the highest total 
phenolic content among the three species.
Shading also affected leaf defensive properties, but responses differed among 
species (Table 5.5). Low light levels resulted in significantly lower contents of total 
phenols, gallotannins, and condensed tannins in Laguncularia leaves, but no signficant 
effect on defensive compounds in Rhizophora or Avicennia leaves. Leaf toughness was 
also lower at low light intensities, but the effect was significant only for Avicennia.
DISCUSSION
It is well recognized that plant species with intrinsically slow growth rates and 
high levels of defensive compounds are characteristic of resource-limited habitats (Grime, 
1977; 1979; McKey, 1979; Coley et al., 1985). Plant species growing in resource- 
limited environments also tend to be less flexible than other species in their responses to 
changes in availability of resources (Coley et al, 1985). Such characteristics are 
advantageous because they promote efficient acquisition and utilization of scarce 
resources and protection of tissues from herbivores. These species, which are often 
referred to as "stress-tolerators," are easily displaced from more resource-rich habitats by 
species with inherently faster growth rates, greater allocation to shoot growth, and lower 
amounts or different types of chemical defenses (Grime and Campbell, 1991).
Although mangroves are well adapted for growth in a highly stressful habitat 
(Tomlinson, 1986; Ball, 1988a) and might be characterized as stress-tolerators on that 
basis, intensity of stresses in a mangrove forest varies spatially and temporally (Chapter 
2). In addition, mangroves exhibit different degrees of physiological tolerance of factors 
such as salinity (Ball, 1988a; Chapter 6) and flooding (Chapters 7 and 8). The question
140
do mangroves also differ in terms of plant traits that may confer an advantage depending 
on availability of resources?
RGR and Biomass Partitioning
A comparison of Rhizophora, Avicennia, and Laguncularia seedlings grown in 
the absence of their natural stressors (e.g., flooding, salinity, herbivores) demonstrated 
that these species not only differ in ierms of growth potential as seedlings, but that they 
exhibit different patterns of biomass partitioning. A major characteristic that determines 
interspecific variation in RGR is related to the way in which a plant invests its carbon and 
nitrogen. The LAR, SWR, and RWR indicate how each species invests biomass in 
photosynthetic area, height growth, and nutrient acquisition, respectively. When 
availability of nutrients or light was high, Laguncularia and Avicennia maximized their 
potential for carbon acquisition (LAR or total leaf area) and height growth (SWR) and 
minimized allocation to roots (RWR). At the end of 5 months, these two species were 
substantially taller with greater shoot branching than Rhizophora, in spite of the fact that 
the latter species initially had a height advantage due to its elongated hypocotyl. When 
nutrient or light availability was low, the mangrove seedlings repartitioned biomass to 
enhance root growth or leaf area per mass (SLA) and thus maximized capture of nutrients 
and light, respectively. In this situation, however, interspecific differences in growth and 
physiognomy were minimized, suggesting that A vicennia and Laguncularia would be less 
likely to outperform Rhizophora where resources are limiting.
Another major difference among the three mangrove seedlings relates to the 
degree of physiological and morphological plasticity in response to resource availability. 
Morphological plasticity of leaves and roots has been generally assumed to contribute to a 
species' ability to exploit habitats in which physical conditions may fluctuate sharply 
(Bradshaw, 1965; McNaughton et al., 1974). This view was later modified by Grime 
(1979) to relate morphological plasticity to a greater ability of some plants to acquire
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resources. Greater leaf and root plasticity would be advantageous in a resource-rich 
environment where increased growth of these parts would provide a high return. Crick 
and Grime (1987) demonstrated the dynamic exploitation of fertile soil regions by 
Agrostis stolonifera, a species exhibiting a more plastic morphology than a second 
species, Scirpus sylvaticus, which did not repartition growth substantially to take 
advantage of local variations in nutrient availability. The latter species was judged to be at 
a selective advantage in a nutrient-poor environment due to its more stable pattern of 
biomass partitioning.
The growth and biomass partitioning patterns exhibited by Laguncularia suggest 
that this species would be at an advantage where light and nutrient levels are high and 
stress intensity low. Conversely, the pattern observed for Rhizophora suggests that this 
species' strategy is to conserve resources by minimizing growth rate and morphological 
flexibility during early phases of growth. Avicennia's growth characteristics appear to 
fall somewhere between that of Rhizophora and Laguncularia. Even when salinity levels 
equal sea strength, Lagunuclaria and Avicennia maximize LAR's and maintain an average 
growth rate four times higher than that of Rhizophora (Chapter 6). In sum, the results 
indicate that the relative performance of the three species could be quite different 
depending on available resources.
Defensive Properties
Another characteristic that will determine plant success is related to how well its 
tissues are protected against herbivores. Loss of even small amounts of tissue to 
herbivores can have large effects on growth, survival, and reproduction of plants 
(Krischik and Denno, 1983). Many plant species contain defensive compounds that are 
considered to have an important ecological function, primarily protection against 
herbivores and pathogens (Harborne, 1982). These compounds, which are the result of 
secondary metabolism, fall into three main categories: terpenes, alkaloids, and phenolics.
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Phenolic compounds, such as tannins, predominate in plants growing in nitrogen-limited 
environments (Coley et al., 1985).
A comparison of the three mangrove species showed that they differ in both 
quantity and composition of chemical defense, as well as nutritive value of the leaf tissue. 
The total phenol content (which includes simple and polymeric phenols) was lowest in 
Avicennia leaves, and highest in Rhizophora or Laguncularia leaves. The three 
mangrove species also differed substantially in content of tannins, which are polyphenolic 
compounds. Tannins have been shown to significantly reduce growth and survival of 
many herbivores and to act as feeding repellants (see Zucker, 1983). The major 
defensive property of tannins is attributed to their ability to bind proteins. The binding of 
salivary proteins imparts an astringent character to the tissue, whereas binding of plant 
proteins and digestive enzymes of herbivores results in a reduction in nutritive value and 
digestibility, respectively, of the plant tissue.
The cost of these defensive compounds, which can be high in terms of energy and 
carbon skeletons, varies depending on the type of phenolic compound. Polyphenolics 
such as tannins are costly, whereas simple phenolics and gallotannins are less expensive 
(Lambers and Rychter, 1989). The construction cost of expensive, immobile defenses is 
worthwhile, however, when leaf turnover is low and the initial cost can be spread out 
over the lifetime of the leaf (Coley, 1988). Immobile defenses are thus thought to be 
selectively favored in long-lived leaves (Coley et al., 1985; Coley, 1988). Conversely, 
high rates of leaf turnover would favor less expensive defenses that are more mobile and 
may be remetabolized or translocated upon leal' senescence. Rhizophora’s defenses 
appear to be dominated by immobile compounds such as condensed tannins. This 
characteristic is consistent with this species' slow growth rate and relatively low leaf 
production rate. Laguncularia and Avicennia, which were faster growing species, had 
less expensive or lower amounts, respectively, of chemical defenses.
143
In addition to interspecific differences in amount and composition of defensive 
chemicals, there is a phenotypic response by these seedlings to availability of resources. 
The interrelationship between nutrients and carbon-based secondary compounds has been 
summarized recently by Chapin (1991). According to this scheme, low nutrients would 
be expected to affect growth potential more than photosynthetic potential. This situation 
leads to an imbalance between carbohydrate production and utilization and, hence, an 
increase in carbohydrate reserves. Excess carbohydrate is then diverted to secondary 
metabolic pathways and results in an increased tissue concentration of carbon-based 
defensive compounds. High light levels, which would have a positive influence on 
carbohydrate production, would also be expected to cause an increased allocation to 
carbon-based defensive compounds.
Although some of the responses by mangrove seedlings support Chapin's model, 
increases in resource availability did not always produce the predicted change in chemical 
defense (e.g., nutrient and light availability had little effect on chemical defenses in 
Laguncularia and Rhizophora, respectively). Although light availability influenced leaf 
toughness (high > low light), the effect was greater for Avicennia than for Rhizophora or 
Laguncularia. The effect of resource availability on mangrove leaf palatability thus differs 
among species and may have less influence on allocation to some carbon-based defenses 
than to others.
These results indicate that relative vulnerability of mangrove seedlings to 
herbivory should vary substantially among contrasting habitat conditions. Rates of 
herbivory have, in fact, been observed to differ among mangrove forest locations and 
appear to be influenced by nutrient input and light availability (Onuf et al, 1977; 
Farnsworth and Ellison, 1991; Feller, 1993). Farnsworth and Ellison (1991) found 
differences in herbivore damage between mangrove species (R. mangle > A. germinans) 
and with growth stage (seedlings > trees) in Belize. They additionally observed that 
damage to R. mangle seedlings growing under a closed canopy was twice as high as that
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in light gaps. Onuf et al. (1977) measured higher rates of mangrove herbivory at a bird 
rookery receiving high inputs of nutrients compared to a low nutrient site. Feller (1993) 
demonstrated that fertilization of R. mangle trees with P and NPK caused an increased 
rate of herbivory by two specialized, endophytic insects species, but no effect on 
generalist feeders in the leaf-feeding guild in Belize.
ECOLOGICAL IMPLICATIONS
Although specific patterns vary locally and regionally, a major characteristic of 
mangrove forest structure is the zonation of species across the intertidal (see Smith, 
1992). Many abiotic and biotic factors vary with elevation and distance from open water 
and create a continuum of contrasting conditions for mangrove growth. Hypotheses 
proposed to explain distribution patterns include differential dispersal dynamics, 
differential predation, physiological specialization by each species to a particular location 
in the intertidal, and interspecific competition (see Smith, 1992 for review). None of 
these hypotheses directly address the possibility that interspecific differences in life 
history characteristics of seedlings may play an important role in the development of 
forest structure. Evaluations of individual species' traits, however, often yield insight 
into patterns of ecological specialization, e.g., RGR of seedlings (Grime and Hunt, 
1975), morphological plasticity (Crick and Grime, 1987), biomass partitioning (King, 
1991), and content of defensive chemicals (Coley, 1983).
Significant differences in growth and defensive characteristics of the three 
mangrove species suggest that the order of success in a resource-rich environment would 
be Laguncularia > Avicennia > Rhizophora. Relative performance in a stressful 
environment, however, will be ultimately determined by the tradeoff between strategies 
required to maximize acquisition of limiting resources and those strategies necessary to 
tolerate or avoid factors that disrupt metabolism or cause loss of tissue. The mangrove
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habitat is characterized by variable nutrient and light levels as well as intensity of other 
factors such as soil anaerobiosis, salinity, and herbivory. It is well known that 
mangroves differ in their physiological tolerance of abiotic stresses such as salinity (see 
Ball 1988 a; Chapter 6). This study has further shown that mangroves can differ in their 
potential for growth, acquisition of resources, and deterrence of herbivores, traits that 
will also be important in determining relative success of seedlings across environmental 
gradients.
CHAPTER 6
RELATIVE SALT TOLERANCE OF THREE NEOTROPICAL MANGROVE SPECIES
INTRODUCTION
Mangroves are a tax.onomically diverse group of trees and shrubs that dominate 
the intertidal zone along tropical coastlines. Although mangroves are halophytes, i.e., 
plants that normally complete their life cycles under saline conditions, they occupy a 
habitat in which salinity can vary from near freshwater to hypersalinity (Bunt et al., 1982; 
Wells, 1982; Chapter 2). Rates of freshwater runnoff, precipitation, evapotranspiration, 
and tidal flushing determine the salinity regime across mangrove forest systems.
Interspecific differences in growth responses to salinity suggest that variation in 
spatial distribution and abundance of mangrove species is influenced by differential salt 
tolerance (Ball, 1988 a). Some information exists about growth and physiological 
responses of Old World mangrove species to salinity (Ball, 1988 a), but less is known 
about neotropical species. Pezeshki et al. (1990) examined the growth and 
photosynthetic responses of Rhizophora mangle L., Avicennia germinans (L.) Steam, 
and Laguncularia racemosa (L.) Gaertn. f. to salinity and flooding in an effort to explain 
the spatial distribution of these neotropical species across the intertidal zone. Their 
experiment was conducted at 0 and 50% seawater salinities and drained versus flooded (5 
cm depth) conditions. Pezeshki et al.'s study provided little insight into the relative salt 
tolerance of these neotropical species. As has been often observed for mangroves at low 
to moderate salinities (Ball, 1988a), there was a growth stimulation by saline conditions, 
but no clear indication of interspecific differences. Since porewater salinity in the 
intertidal usually equals or exceeds that of seawater (Smith, 1987b; 1988; Chapters 2 and
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8), an evaluation of relative salt tolerance requires examination of response at salinities 
representative of field conditions.
The objective of this study, therefore, was to assess the relative salt tolerance of 
R. mangle, A. germinans, and L. racemosa over a range of salinities typical of the 
mangrove habitat and particularly at levels that may impair survival. A field study was 
conducted to determine spatial and temporal variation in porewater salinity across distinct 
vegetation zones in a mangrove forest. A greenhouse experiment was conducted with 
seedlings collected from the field site to determine the potential distribution of these 
species across a salinity gradient ranging from 0 to 60 %o. A second experiment was 
designed to assess each species' tolerance limits when hypersaline conditions impair 
survival (i.e, at salinities > 60 %o). The results, which indicate significant differences 




The field study was conducted at Twin Cays, a mangrove island range located 
near the Belizean barrier reef in a lagoonal environment (16°50'N, 88°06'W). The 
dominant species are R. mangle and A. germinans. The white mangrove, L. racemosa, 
occurs as scattered, individual trees throughout the islands, but never forms pure stands 
at this site. The tide range is microtidal (21 cm) and of a mixed, semidiurnal type. A wet 
season occurs from July to October, and rainfall is approximately 218 cm yr (Rutzler 
and Ferraris, 1982). Temperatures average 22 and 32 0 C during January and August, 
respectively (Rutzler and Ferraris, 1982).
A survey of porewater salinity was conducted just after peak dispersal of 
mangrove propagules (December 1990) and again 7 months later (July 1991) at Twin
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Cays. Three transects, 55 m in length and oriented perpendicular to the shoreline, were 
established in areas exhibiting distinct zonation of mangrove vegetation. The transects 
traversed a shoreward zone dominated by R. mangle , a transition zone where a mixture 
of R. mangle, A. germinans, and L. racemosa trees occurred, and a landward zone 
dominated by A. germinans. Twelve sampling stations were established at 5 m intervals 
along each transect. Porewater was collected as in McKee et al. (1988), and salinity 
measured in the field with a refractometer.
Laboratory Culture Study
Propagules of the three mangrove species (hereafter referred to as Rhizophora, 
Avicennia, and Laguncularia) were collected in Belize during July 1992 from several 
sites, including mangrove islands located along the barrier reef system (16°50'N, 
88°06'W) as well as the mainland (17°00'N, 88°15'W) and examined for evidence of 
insect infestation that could damage the developing seedling. Propagules determined to 
be free of insect predators were transported to the greenhouse where they were 
established in individual pots containing commercial potting soil and irrigated with a 10 % 
nutrient solution (Hoagland and Arnon, 1950). After two months, most of the seedlings 
had taken root and produced at least one leaf pair. The experiments were initiated after 
Avicennia and Laguncularia had lost their cotyledons. The fused cotyledons of 
Rhizophora detach when the propagule separates from the parent tree (Tomlinson, 1986).
Two experiments were conducted to determine relative salt tolerance. The design 
of the first experiment was completely randomized with a factorial treatment arrangement 
(5 salinity levels x 3 species x 8 replicates). Forty seedlings per species with similar 
dimensions were randomly assigned to the following treatments: 0, 15, 30,45, and 60 
%o salinity (w/v artificial sea salts, Instant Ocean). Salinity was raised in steps (10 %o 
w k'l) to the final treatment level to minimize osmotic shock. The seedlings were 
inundated with the salt solutions (level was equal to the soil surface) by placement inside
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slightly larger containers. Salinity, which was checked weekly, was maintained within ± 
2 %o of the treatment level. The plants were maintained in a greenhouse where max/min 
temperatures were 32/25° C and quantum irradiance at mid canopy level varied from 350 
(cloudy) to 1700 (sunny) |Ltmol n r 2 s~l(Li-Cor 185A quantum meter).
At the end of 17 weeks, the seedlings were measured, divided into parts, and 
dried at 65° C. Leaf area was determined gravimetrically (Beerling and Fry, 1990) with 
photocopies of fresh leaves. Leaf area ratio (LAR) was determined by dividing leaf area 
(cm2) by the seedling biomass (g). Stem and root weight ratios (SWR and RWR, 
respectively) were calculated by dividing the biomass of those parts by the total biomass.
The design of the second experiment was completely randomized with a factorial 
treatment arrangement (2 salinity treatments x 3 species x 5 replicates). Three month old 
seedlings were randomly assigned to two treatments: (1) controls, which were 
maintained in freshwater conditions and (2) treatments, which were subjected to stepwise 
increases in salinity (10 %c wk_1) until 100% mortality occurred. Salt solutions were 
made with artificial sea salts (w/v); both salt and control (tapwater) solutions were 
supplemented with nutrients (10% solution, Hoagland and Amon, 1950). The seedlings 
were inundated equal to the soil surface with the treatment solution by placement of the 
pots inside slightly larger, individual containers. At the end of each weekly interval, the 
solution in the outer containers was completely replaced with a higher salinity solution. 
The inner pots containing potting soil and plants were flushed twice with the new 
solution. The controls were subjected to a similar protocol, but no increase in salinity. 
The total numbers of live leaves and nodes (above the cotyledonary scars) were 
determined at weekly intervals, and the number of live leaves per node was calculated as a 
quantitative measure of salinity stress. A maximum of two leaves per node was possible 
due to the opposite leal' arrangement. Signs of wilting, necrosis, chlorosis, or other 
indications of salt effects were also noted. The experiment was terminated when all 
plants were dead (i.e., all leaves and the apical bud were dead).
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Analyses of variance (ANOVA) were conducted to test effects of salinity treatment 
and mangrove species and their interactions on seedling dimensions, growth, and 
biomass partitioning (Experiment 1) and leaf mortality (Experiment 2). In cases of 
unequal variance, transformation of the data was performed prior to ANOVA. Significant 
differences among multiple means were distinguished by contrast analysis.
RESULTS
Field Study
Interstitial salinity at the field site varied from 30 to above 60 %c (Fig. 6.1). A 
pattern of increasing salinity from the shoreline to 55 m in the island interior was apparent 
during July, but not December. The shoreline or creekbank zone dominated by 
Rhizophora was characterized by relatively constant salinity near that of the overlying 
seawater (30-38 % o). In the transition zone where trees of all three species occurred, 
salinity varied between 32 %o (December) and 50 %c (July). Interior areas dominated by 
Avicennia exhibited the greatest fluctuation in porewater salinity (36 %<> in December to 67 
%0 in July). Measurements conducted intermittently over a seven year period at Twin 
Cays indicate that porewater salinity in this area can exceed 85 %c on occasion.
Laboratory Culture Study
Experiment 1. Seedling biomass was significantly affected by salinity treatment (F4405 = 
47.19, P < 0.0001) (Fig. 6.2). The absence of a significant interaction between salinity 
treatment and species indicated a similar pattern of response by the three species to the 
salinity gradient (Fsjos = 2.299, P > 0.10). At 15 %o there was no significant reduction 



















Figure 6.1. Porewater salinity (%o) measured from the shoreline to 55 m in the interior of 









Figure 6.2. Total seedling biomass (expressed as a percentage of controls) of 
Rhizophora mangle, Avicennia germinans, and Laguncularia racemosa grown at 0,15, 
30,45 and 60 %c salinity in a greenhouse for 17 weeks. Values are the mean ± SE 
(n=8).
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however, total biomass of seedlings was significantly reduced compared to controls 
(Fi,io5 = 7-486 (30 %o\ 74.61 (45 % o), and 124.6 (60 %o); P < 0.01).
Seedling dimensions were also significantly affected by salinity treatment, but the 
effect was the same for the three species (Table 6.1). Seedling height was significantly 
reduced at 45 and 60 %c, whereas stem diameter was significantly decreased at salinities 
of 15 %o and higher.
Individual and total leaf area decreased with increases in salinity, but the 
magnitude of response differed among species (Table 6.1). At 45 and 60 %c, Avicennia 
maintained total and individual leaf area between 60 and 75 % of controls. Laguncularia 
total and individual leaf areas were 43 and 51 %, respectively, of controls at 45 %c; and 
21 and 41 %o, respectively, of controls at 60 %c. Rhizophora exhibited the greatest 
reduction in total and individual leaf area under hypersaline conditions (19 and 32 %, 
respectively at 45 %c; 14 and 25 %, respectively at 60 %o). The total number of 
Laguncularia leaves was significantly reduced at salinities >15 %o, but Rhizophora and 
Avicennia leaf numbers were not decreased except in the hypersaline treatments (Table 
6 . 1).
Effects of salinity on biomass partitioning differed across species (Figure 6.3, 
Table 6.2). Rhizophora responded to salinity stress by decreasing partitioning to leaves 
and stems and increasing that to roots (Figure 6.3). Leaf area relative to seedling biomass 
(LAR) was significantly lower at 45 and 60 %o. Avicennia and Laguncularia exhibited a 
different pattern with increases in LAR and decreases in RWR with increased salinity; 
SWR was unaffected by salinity (Figure 6.3).
Experiment 2, Stepwise increases in salinity resulted in 100 % mortality of Rhizophora, 
Avicennia, and Laguncularia at 130,100, and 80 %o salinity, respectively. A repeated 
measures ANOVA revealed a significant three-way interaction among salinity treatment,
154
Table 6.1. Rhizophora mangle, Avicennia germinans, and Laguncularia racemosa 
seedling dimensions and leaf area (LA) measured after 17 weeks growth at 0, 15, 30, 45, 
and 60 %c salinity. Values are the mean ± SE (n=8). Results of an ANOVA are given at 
the end of the table. Significant F values are indicated by * (P < 0.05), ** (P < 0.01), 
and *** (P < 0.001); NS = nonsignificant F.
Variable
Plant Stem Number of Average Total
Height (cm) Diameter (mm) Leaves LA (cm2) LA (cm2)
Rhizophora
0 29.7 ± 1.2 4.4 ± 0 .1 4.8 ± 0.4 18.2 ± 1.0 73.0 ± 8.6
15 28.6 ± 0.6 4.1 ± 0 .1 4.8 ± 0.4 15.4 ± 0.7 71.1 ± 7 .3
30 25.5 ± 0.8 3.9 ± 0.2 4.3 ± 0.3 13.5 ± 0.7 55.8 ± 2.8
45 23.1 ± 0.8 3.3 ± 0 .1 2.0 ± 0.0 5.9 ± 0.2 13.9 ± 0.8
60 20.5 ± 0.3 3.1 ±0 .1 2.0 ± 0.0 4.6 ± 0.5 10.3 ± 1.0
Avicennia
0 26.4 ± 1.1 3.8 ±0 .1 12.0 ± 1.5 12.9 ± 0.5 98.2 ± 8.8
15 27.8 ± 2.2 3.3 ± 0.2 12.0 ± 1.1 10.6 ± 1.2 69.1 ± 11.3
30 26.0 ± 1.7 3.4 ± 0 .1 14.8 ± 1.3 11.8 ± 1.0 104.6 ± 7 .1
45 19.6 ± 1.4 3.0 ± 0.2 7.3 ± 0.6 9.6 ± 0.7 58.4 ± 6.8
60 19.7 ± 1.4 2.5 ± 0.2 6.5 ± 0.5 9.2 ± 1.1 59.8 ± 11.2
Laguncularia
0 17.7 ± 0.9 2.7 ± 0 .1 10.1 ± 0 .9 8.1 ± 1.1 52.6 ± 6.4
15 18.5 ± 1.5 2.4 ± 0 .1 8.3 ± 0.5 9.6 ± 0.8 45.8 ± 5.0
30 17.5 ± 1.8 2.4 ± 0 .1 7.1 ±0 .7 7.7 ± 0.8 38.6 ± 4.8
45 11.0 ± 0 .5 1.8 ± 0.1 6.9 ± 0.5 4.1 ± 0 .3 22.4 ± 2.7
60 8.9 ± 0.4 1.4 ± 0 .1 4.3 ± 0.3 3.3 ± 0.5 11.2 ± 1.5
ANOVA Source of Variation:
Treatment 31.5*** 50.9*** 26.6*** 50.7*** 31.6***
Species 112.3*** 217.6*** 115.3*** 55.4*** 59.5***
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Figure 6.3. Leaf area ratio (LAR) (cm2 g_1), stem weight ratio (SWR) (g g"1), and root 
weight ratio (RWR) (g g '1) of Rhizophora mangle, Avicennia germinans, and 
Laguncularia racemosa seedlings grown at 0,15, 30,45, and 60 %o salinity for 17 
weeks. Values are the mean ± SE (n=8).
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Table 6.2. Results of ANOVA for effects of constant salinity treatments (0,15, 30,45, 
and 60 %o) on biomass components and partitioning (LAR = leaf area ratio, SWR = stem 
weight ratio, and RWR = root weight ratio) by Rhizophora mangle, Avicennia 
germinans, and Laguncularia racemosa seedlings. F values are given in the table. 








Treatment 34.4*** 25.0*** 52.4*** 4.66** NS 9.16***
Species 56.6*** 178.0*** 93.7*** 61.8*** 476*** 366***
T x S 6.22*** 2.67** 2.09* 7.86*** 3.02** 24.6***
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species, and repeated measure for the number of live leaves per node (F = 11.55; P < 
0.0001) (Figure 6.4).
Laguncularia was clearly the least tolerant of increases in salinity above 60 %o. 
This species began wilting at 40 %©, and leaf necroses appeared at 50 %o. After one week 
at 80 %c, all of the seedlings were dead.
Avicennia exhibited an intermediate response to salinity increases. Necrotic 
lesions appeared on Avicennia's leaves at 60 %©. At 80 %c, all Avicennia seedlings 
exhibited leaf necroses, but some green tissue remained and the apical buds were alive. 
After 1 week at 90 %c, several seedlings were dead or dying; all succumbed at 100 %o.
Rhizophora was the most tolerant of salinity increases above 60 % c. Rhizophora 
began exhibiting visible signs of dehydration (e.g., shriveled hypocotyl and loss of leaf 
turgor) at 70 %o. Although the leaves and hypocotyls of all seedlings were desiccated 
and/or chlorotic at 90-100% c, the apical buds were still alive. At 110 %c, the leaves and 
apical buds of some seedlings were dead. At 130 %c, no seedlings remained alive.
DISCUSSION
Relative Salt Tolerance
Field observations in mangrove forests indicate that porewater salinity typically 
varies across the intertidal zone and reflects the salinity of the floodwater, rainfall, 
evapotranspiration, and freshwater runnoff (Boto and Wellington, 1984; Smith, 1987). 
Spatial and temporal variation in salinity was also apparent at Twin Cays (Figure 6.1). 
Seedlings of all three species occur throughout the forest, but relative densities vary 
spatially and are highest where conspecific adults dominate (Chapter 3). Although 
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Figure 6.4. Change in number of live leaves per node measured in Rhizophora mangle 
(a), Avicennia germinans (b), and Laguncularia racemosa (c) seedlings subjected to 
stepwise increases in salinity from 0 to 130 %c. Controls were maintained at 0 %©. 
Values are the mean ± SE (n=5).
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zonation is influenced by differential salt tolerance (see Ball, 1988a for review), 
controlled experiments are clearly required to establish a cause and effect relationship.
Two experimental approaches have been taken to assess salt tolerance of 
mangroves. Transplant experiments have been conducted in which the effect of salinity 
on survival and growth of mangroves under field conditions was examined (Osborne, 
1988; Smith, 1987b). Because other factors influencing mangrove growth (e.g., 
inundation, herbivory, and resource availability) cannot be controlled in the field, 
however, responses to salinity are difficult to distinguish from that to other environmental 
factors. Field experiments are thus inadequate to fully evaluate relative salt tolerance of 
mangroves.
The second approach has been the use of laboratory culture experiments in which 
growth or physiological response to a range of salinities is measured (Clarke and 
Hannon, 1970; Downton, 1982; Burchett et al., 1984; Clough, 1984; Ball, 1988 b; 
Burchett et al., 1989). The focus in such studies is often on the salinity level at which 
optimal growth occurs, which is then used to categorize mangroves into two groups: (1) 
those with optimal growth rates at salinities near 50% seawater and a broad range of 
tolerance and (2) those with lower optima and a narrow range of salinity tolerance 
(Burchett et al., 1989; Smith, 1992). This type of categorization often fails to explain 
patterns of species distribution observed in the field, however. Smith (1988 b), for 
example, observed that seedlings of Ceriops tagal and C. australis both showed optimal 
growth at 15 %o in laboratory culture, but abundance in the field peaked at 20-35 %o and 
50-60 %c, respectively. The pattern of biomass reduction for Rhizophora, Laguncularia, 
and Avicennia was similar across a laboratory salinity gradient from 0 to 45 %o (Figure
6.2), while relative abundance of conspecific trees was highest in areas where maximum 
salinities were 36,45, and 67 %o, respectively. These results suggest that emphasis
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should be placed on an evaluation of mangrove response to salinities that substantially 
impair growth and survival.
Assessment of stress tolerance typically involves an evaluation of "growth 
stress", i.e., stress that inhibits production. However, it is also important to determine a 
species' response to "mortality stress", i.e., stress that impairs survivorship, since it is 
often the extreme, rather than the average, stress intensity that ultimately determines a 
species' persistence in a particular environment. Salt tolerance of mangroves may thus be 
evaluated according to two criteria: (1) the degree of growth reduction (relative to 
controls) at the maximum stress intensity at which there is continued growth, but no 
mortality and/or (2) the maximum intensity of stress the species is capable of surviving. 
Since culture experiments are rarely conducted at salinities exceeding seawater and which 
would be expected to induce maximum stress intensity and/or mortality (but see Smith, 
1988 b), this approach has not been taken with mangroves. Failure to examine response 
to hypersaline conditions is surprising since salinity in mangrove soils often exceeds that 
of seawater (i.e., > 35 % o). Smith (1992) summarized data on maximum porewater 
salinity reported for 34 mangrove species. Most (74 %) were found growing where 
maximum salinity was in the range of 40 to 100 %o.
Rhizophora, Avicennia, and Laguncularia seedlings survived and grew in the 
laboratory at salinities up to 60 % o and did not exhibit significant differences in their 
pattern of growth reduction up to 45 %o. Only at 60 %0 was there an indication of 
interspecific differences in degree of biomass reduction. At this salinity, biomass of 
Avicennia, Rhizophora, and Laguncularia was reduced to 45,24, and 14 %, respectively, 
of controls (Figure 6.2). A different pattern emerged when salinity tolerance was gauged 
by response to salinity excursions above 60 % o (Figure 6.4). Effects of stepwise 
increases in salinity on leaf senescence were not significantly different from controls up to 
60 %o. A significant increase in leaf death, however, occurred for Avicennia and 
Laguncularia at 70 %o and for Rhizophora at 90 %o. Complete mortality of Rhizophora,
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Avicennia, and Laguncularia occurred at 130, 100, and 80 %o, respectively. Relative 
susceptibility (Laguncularia > Avicennia > Rhizophora) may reflect interspecific 
differences in water conservation strategies, as discussed below.
Bases For Differential Salt Tolerance
In an effort to explain how salinity affects mangrove growth, a number of studies 
have investigated the effect of salinity on physiological processes such as net carbon 
assimilation or respiration (Ball and Farquhar, 1984; Burchett et al., 1984; 1989; Clough 
and Sim, 1989; Pezeshki et al., 1990). Less emphasis has been placed on whole plant 
responses such as biomass partitioning. Growth reduction under saline conditions has 
been attributed in some plant species to decreased leaf area expansion rates (Pearcy and 
Ustin, 1984; Rawson and Munns, 1984). In the current study, increases in salinity from 
0 to 60 %c resulted in substantial decreases in total leaf area. Salinity-induced decreases 
in biomass (Figure 6.2), then, may simply be the result of reduced leaf area (Table 6.1), 
which decreases the amount of light intercepted by the seedling (Scurlock et al., 1985).
The three mangrove species differed, however, in patterns of biomass partitioning 
and relative allocation to photosynthetic area (Figure 6.3). Interspecific differences in salt 
tolerance strategies (selective ion uptake, ion compartmentation, control of ion movement 
from roots to shoots, salt secretion glands) result in different energy requirements and 
water use characteristics in mangroves (Ball, 1988a, b). Thus, a species that is effective 
at salt exclusion, but lacks salt secretion glands (e.g., Rhizophora) may respond to high 
salinity by minimizing ion movement to the shoot and water loss through transpiration 
(decreased LAR) and maximizing water uptake (increased RWR). Mangroves possessing 
salt glands (e.g., Avicennia and Laguncularia) are less effective at salt exclusion 
(Scholander et al., 1962; Scholander, 1968; Clough, 1984) and respond to elevated 
salinity by decreasing the RWR, which reduces the potential for ion uptake. Because the
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salt secretion glands allow more flexibility in dealing with salt influx to the shoots, but 
increase the energy requirement, an increase in LAR is advantageous.
When salinities reach the point at which water uptake is severely impaired (e.g., 
above 60 %c), efficiency of water conservation will determine the amount of tissue 
damage sustained and ultimately survival. Seedlings grown at 60 %o exhibited significant 
interspecific differences in LAR {Rhizophora < Avicennia < Laguncularia) and RWR 
{Rhizophora > Avicennia > Laguncularia) (Figure 6.3). These differences suggest that 
the pattern of survival of salinities exceeding 60 % o (Figure 6.4) reflect species 
differences in ability to conserve water.
Factors Modifying Salt Tolerance
The results demonstrate that interspecific patterns of salt tolerance will differ 
among neotropical mangroves depending on the intensity of salinity stress. Additional 
factors that will modify salt tolerance include mangrove growth stage, salinity regime 
(i.e., constant versus fluctuating salinity) and co-occurrence of other stress factors.
Evaluation of a species' salt tolerance should be conducted with the growth stage 
that is the most susceptible to stress. In general, it is the seedling or early juvenile stage 
that is the most vulnerable to environmental stress factors. Assessment of mangrove salt 
tolerance, however, is complicated by the fact that many species are viviparous 
(Tomlinson, 1986). Germination and early development occur while seedlings are still 
attached to the parent tree and may thus be initially buffered from salinity effects. Even 
after seedling establishment, embryonic reserves may minimize salinity effects on growth 
response, as suggested by Ball (1988 b). However, because the two salt tolerance 
experiments were conducted after cotyledonary reserves were depleted, this factor was 
not of concern relative to Avicennia or Laguncularia. The enlarged hypocotyl of 
Rhizophora did not minimize growth reductions at salinities < 45 %o, but may have 
contributed to this species' resistance to salinities exceeding 60 %c.
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Relative salt tolerance of mangroves may also be modified by the salinity regime. 
Salinity patterns at Twin Cays revealed that shoreline or creekbank zones dominated by 
Rhizophora were characterized by relatively constant salinity near that of the overlying 
seawater (i.e., 35 %o). Interior areas dominated by Avicennia, however, experience 
seasonal fluctuation in porewater salinity (35 to 70 %o). Lin and Sternberg (1993) found 
that fluctuating salinity regimes were more inhibitory to the growth of R. mangle than 
were constant salinity treatments. There is no information as to how growth responses of 
Avicennia and Laguncularia would be modified by fluctuating salinity.
The mangrove habitat is characterized by spatial and temporal variation in a 
number of environmental factors in addition to salinity. Depth and duration of flooding, 
soil redox status, nutrient and light availability, soil texture, soil moisture content, and 
temperature are some of the factors that vary in mangrove forests (Boto and Wellington, 
1984; Chapter 2). McMillan (1975) reported that salt tolerance of R. mangle and A. 
germinans was strongly influenced by soil texture, i.e., survival in sandy soil was 
improved when clay content was increased. There is no information about how salt 
tolerance of mangroves may be altered by other environmental factors.
CONCLUSIONS
The results indicate that relative growth and survival of mangrove seedlings vaiy 
across salinity gradients and differences are most pronounced where hypersaline 
conditions occur. Up to 45 %c, the pattern of biomass reduction was similar among the 
three mangrove species, indicating that factors other than salinity may be of greater 
importance in determining seedling recruitment in areas of low salinity up to slightly 
hypersaline conditions. Areas characterized by salinities that significantly reduce growth 
without causing mortality (45-60 %o) would inhibit the growth of Rhizophora and 
Laguncularia more than Avicennia. At higher salinities, impairment of survival becomes
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paramount. Relative susceptibility to salinities above 60 %o was greatest for Laguncularia 
(70-80%<?), intermediate for Avicennia (90-100%6) and lowest for Rhizophora (100- 
130%o). Differences in potential for water loss (LAR) and/or uptake (RWR) may account 
for the survival pattern observed. Further work is needed to examine how salinity 
tolerance is modified by other stress factors such as drought, redox potential, shading, 
and nutrient availability.
CHAPTER 7
GROWTH AND PHYSIOLOGICAL RESPONSES OF MANGROVE SEEDLINGS
TO ROOT ZONE ANOXIA
INTRODUCTION
Because flooded soils have little or no oxygen (Gambrell and Patrick, 1978), 
successful plant growth in the intertidal depends on morphological, anatomical, and 
physiological adaptations to allow avoidance or tolerance of oxygen-deficient conditions 
in the root zone. The adaptations exhibited by mangroves are typical of those observed in 
a number of wetland plant species: shallow root systems, adventitious or aerial roots, 
aerenchyma, and lenticels (Kozlowski, 1984; Tomlinson, 1986). These morphological 
and anatomical features are thought to promote sufficient oxygen flux to support root 
aerobic respiration in an anaerobic soil environment. Scholander et al. (1955), for 
example, showed that during a tidal cycle the oxygen levels in belowground roots of two 
neotropical mangroves were maintained well above critical oxygen pressures required for 
aerobic respiration.
Differential flood tolerance by mangroves has not received much attention, 
because many species appear to be well adapted to growth in flooded soils (see Ball, 
1988a for review). The perception that mangroves are generally able to avoid flooding 
stress, however, is based on observations of mature trees in which each species' adaptive 
strategies are fully developed. Seedlings, which lack an aerial root system and are more 
vulnerable to submersion during tidal flooding, may be less flood tolerant than mature 
trees.
Response of seedlings to root zone anoxia indicates the potential of a species to 
avoid or tolerate low oxygen conditions present in waterlogged soils during a vulnerable
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phase of the mangrove life cycle. Previous work has shown that anaerobic conditions 
result in a rapid decrease in root oxygen concentrations, a change in root metabolism and 
a decrease in root energy status for Avicennia germinans (black mangrove) seedlings 
grown in solution culture (McKee and Mendelssohn, 1987). Nothing is known, 
however, about interspecific responses of mangrove seedlings to low oxygen tensions in 
the root zone. The objective of this study, therefore, was to examine growth and 
physiological responses of three sympatric mangroves to anaerobic solution culture. 
Solution culture allowed an assessment of response to root zone anoxia exclusive of other 
factors associated with flooded soils (e.g., phytotoxins, nutrient availability, etc.) and 
with a minimal amount of disturbance to the root system. The results, which demonstrate 
differential seedling responses to anaerobiosis, will aid in an understanding of 
mechanisms controlling mangrove species distribution across flooding gradients.
METHODS
Plant Material
Propagules of Rhizophora mangle L., Avicennia germinans (L.) Steam., and 
Laguncularia racemosa (L.) Gaertn.f. were collected from several sites along the Belize 
coast, (16°50'N, 88°06'W) during December 1990 and examined for insect damage. 
Propagules determined to be free of insects were transported to the greenhouse where 
they were established in individual pots containing sand saturated with 10 % (w/v) 
artificial seawater (Instant Ocean) and supplemented with a 10 % nutrient solution 
(Hoagland and Arnon, 1950). After two months, twenty rooted seedlings per species 
were carefully removed from their containers by slowly flushing the sand from around 
the roots. Fresh weights were determined, and ten individuals per species were harvested 
immediately to provide an initial fresh to dry mass relationship.
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Experimental Design
The seedlings were transferred to solution culture in 1 liter plastic containers with 
threaded lids drilled with openings for the stem and aeration tubing, and the stems 
inserted through split rubber stoppers and sealed in place with a non-toxic, silicone 
sealant (RTV 162- General Electric, New Orleans, LA, U.S.A.). Elasticity of the 
stoppers and sealant allowed for stem expansion. The culture solution (25 % Hoagland 
solution (Hoagland and Amon, 1950) plus 1 mM MES buffer) was vigorously aerated 
(40 ml m h r1) and adjusted in steps to 35 %o salinity (w/v with artificial sea salts), which 
is typical of the intertidal habitat from which these seedlings were collected. Ten 
vigorous individuals per species were then randomly assigned to two treatments: solution 
culture bubbled with air or N2 gas at a rate of 40 ml m in'1. The seedlings were
maintained in a growth chamber adjusted to provide day/night temperatures of 27/24° C, a 
relative humidity of ca. 75 %, and a 14 h light period with quantum irradiance at mid­
canopy level of 400 pmol rrr2 s_1. Solutions were changed weekly, but disturbance of 
the root systems was minimized by rapid (< 45 s) replacement with pre-aerated or N2- 
purged solutions.
An additional set of seedlings was used to evaluate short-term changes in root 
oxygen concentrations in response to external anaerobiosis. Due to time limitations, each 
species was examined separately. The seedlings were transferred to hydroponic culture 
and allowed to acclimate for several weeks. Three individuals per species were randomly 
assigned to the two aeration treatments described above. The seedling shoots remained 
exposed to the atmosphere at all times during these trials. Gas samples were extracted 
directly from a representative root at a point 4 cm from the stem base at 0, 0.5, 1.0, 6.0, 
and 24.0 h intervals and analyzed for oxygen concenUation as described below. After 24 
h of N2-purging, the hydroponic solutions were reaerated and root oxygen remeasured.
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Growth Measurements
Average relative growth rates (RGR) over the experimental period (12 weeks) 
were calculated as
(In W2 -ln W i)
RGR =  ,
t 2 - U
where W j and W2 are the seedling dry weights at the beginning and end of the 
experimental period, t2 ~t\. Root elongation rates were determined during the eighth 
week by measuring changes in length of tagged roots. Physiological measurements 
(described below) were made during the final two weeks. After 12 weeks, the seedlings 
were harvested. The fresh leaves were photocopied and leaf area was later determined 
gravimetrically (Beerling and Fry, 1990). Leaf production rate was determined by 
subtracting the combined number of leaves and scars present initially from that present at 
the end of the experiment and dividing by the time interval. Total number, length, and 
diameter (mid-root) of main root axes were also determined. Specific root length (SRL) 
was calculated by dividing length (cm) by biomass (g) of root sections. The total number 
of primary lateral roots was counted on two representative root axes per seedling. Root 
specific gravity was determined by the pycnometer method (Jensen et al„ 1969) and 
converted to root porosity based on a predetermined relationship between specific gravity 
and porosity for each species (McKee, unpublished data).
Diameter of the stem base was measured with calipers. Density of the stem base 
was determined by dividing the mass of a 1 cm section by its calculated volume. The 
ventilation potential of the stem base was estimated as the product of (1 - stem density) 
and the cross-sectional stem area.
All tissue was then freeze-dried in a LabConco Freeze Dryer. Final dry masses of 
leaves, stems, and roots were determined by weighing the freeze-dried tissue. Leaf, stem 
and root weight ratios (LWR, SWR and RWR, respectively) were calculated by dividing
169
the biomass of those parts by the total seedling biomass. Leaf area ratio (LAR) was 
determined by dividing the leaf area (cm^) by the total seedling biomass (g).
Physiological Measurements
Rates of net photosynthesis and transpiration were determined on penapical, intact 
leaves with an ADC LCA-2 portable IRGA (infrared gas analyzer) system. A fully- 
expanded leaf was clamped into a Parkinson leaf chamber, and the difference in CO2 
concentration between inlet and outlet air was measured. Sampling air, taken from 
outside at a 5 m height to obtain a relatively stable CO2 concentration, was led through an 
air supply unit with silica columns to obtain a dry inlet airstream. The flow rate was held 
constant at 5.0 ml s_1. Measurements were conducted with the first fully-expanded leaf 
pair (rinsed with deionized water 3 h earlier to remove salt crystals) at ambient light 
conditions in the growth chamber (400 pmol n r2 s"1) and at 2000 (Ltmol n r2 s_1 (provided 
by a Kodak projector light bulb). Gas exchange was determined on a per unit leaf area 
basis. Molar air flow, transpiration rate, leaf conductance and CO2 uptake were 
calculated according to von Caemmerer and Farquhar (1981).
Respiration rates of the intact root systems were determined by measuring CO2 
efflux with a modification of the open gas exchange system described above. The 
method was similar to that described by Nobel and Palta (1989) and has several 
advantages over other techniques. It is particularly useful in monitoring root respiratory 
responses to anoxia. Since plants are capable of metabolizing anaerobically, 
measurement of CO2 efflux (rather than O2 uptake) by the root system includes both 
aerobic and anaerobic respiratory responses.
The seedling root systems were removed from the hydroponic containers after 
extraction of root gas samples and surface sterilized by immersion for 1 min in a 0.5% 
NaOCl solution, followed by three rinses with deionized water. The root system was 
then quickly placed inside a glass chamber onto wet, sterile cotton. A split rubber stopper
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provided an air-tight seal. Temperature inside the chamber, which was monitored with a 
thermistor inserted through an opening in the rubber stopper, was maintained at 25° C by 
immersion of the root chamber in a water bath. Measurements were conducted with the 
root system in the dark by covering the root chamber with aluminum foil. The 
compressed gas stream, which was humidified prior to entering the root chamber, 
contained either 0 or 21% O2 to maintain experimental conditions during respiration 
measurements. Flow rate was maintained at 5 ml s_1 by the air-supply unit of the ADC 
system. Both analytical and reference gas streams were passed through columns of 
magnesium perchlorate to lower and equalize relative humidities prior to entry into the 
infrared gas analyzer. The CO2 differential (between reference and analytical lines) was 
recorded 30 min after transfer of each root system to the chamber. The system was 
checked before and after each measurement with the root chamber containing only wet 
cotton to ensure that the CO2 differential was zero. In addition, preliminary 
measurements of root respiration showed that rates increased linearly with temperature 
(20 to 45° C) for all three species (Figure 7.1). Respiration rates were expressed on a 
root dry weight basis after the root system was freeze-dried.
The percentage of daily carbon-loss in root respiration (PRR) was calculated as: 
PRR = (RR*RWR/LAR)/PS* 100 
where RR = root respiration rate (pmol g '1 s_1), RWR = root weight ratio (g g"1), LAR = 
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Figure 7.1. Effect of temperature on root respiration rates of Rhizophora mangle, 
Avicennia germinans, and Laguncularia racemosa seedlings. Results of a t-test indicate 
that the slopes of all three regression lines are significantly different from zero (ti io = 
14.5, P = 0.0001; t i (io = 21.8, P = 0.0001; th i0 =17.99, P = 0.0001 for Rhizophora, 
Avicennia, and Laguncularia, respectively)
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Root Oxygen Measurements
Root oxygen concentrations were determined with gas samples extracted directly 
from a lacunal space with a 1.0 ml, air-tight syringe equipped with a locking valve 
(Alltech Associates, Inc., Deerfield, IL, U.S.A.). The gas sample was always taken 
while the root system was submerged to avoid external air contamination. Root oxygen 
concentrations were determined in the long-term aeration experiment with a gas 
chromatograph (Carle Instruments, Loveland, CO, U.S.A.) as described previously 
(McKee and Mendelssohn, 1987). Since argon cannot be separated from oxygen with 
this method, these oxygen values include a small percentage of argon (argon 
concentration in air is 0.93%).
Root gas samples collected during the short-term aeration experiment were 
analyzed for oxygen concentration with a flow-through oxygen system (Model DO 166 
FT, Lazar), which consisted of a Clark style electrode with a semipermeable membrane, a 
flow-through cell with an internal volume of 80 p.1, and a self-contained electronic module 
for converting the electrode signal to a 0-1000 mV output directly readable on a pH-mV 
meter. This system was modified for use with small volumes of gas mixtures by 
insertion of rubber septa in the flow path (to allow injection of a single gas sample into 
the flow cell). Calibration was accomplished with N2 gas and air. The upper range of 
the mV scale was adjusted via the CAL potentiometer to read 210 mV (=21% O2) and the 
lower range set at 0 (= 0% O2) via the ZERO potentiometer while flushing the flow­
through cell with air or N2 gas, respectively. The system was tested after calibration and 
between sample measurements by injection of a 1.0 ml standard gas mixture ([O2] =
10.24 %). Prior to each sample injection, the flow-through cell was purged with air and 
the scale readjusted to 210 mV if necessary.
Oxygen concentrations in seedling roots maintained at two aeration levels for 12 
weeks were determined once at the end of the experiment. A gas sample was drawn 
directly with a GC syringe and needle from each seedling just prior to removal of the root
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system from the hydroponic solution. Gas samples for the short-term (48 h) aeration 
experiment were also sampled directly, but with the following modification to facilitate 
repetitive gas sampling. A small gauge (#23) needle was inserted directly into a lacunal 
space in the root and connected via capillary tubing to a larger needle (#18 gauge) fitted 
with a small septum. The capillary tubing was threaded through an opening in the 
hydroponic container lid so that the septum was accessible without interruption of gas 
flow. A small volume of gas (0.3 ml) was drawn to evacuate the capillary tubing and 
needles and discarded before each gas sample was collected.
Statistical Analyses
A two-way ANQVA was conducted on data collected from the seedlings grown at 
two aeration levels for 12 weeks. Time course changes in root oxygen concentrations 
were assessed with a multiway repeated measures ANOVA where aeration treatment was 
the grouping factor and time (0, 0.5, 1.0, 6.0, 24.0, 29.0, and 48.0 h) was the within- 
factor repeated measure. When the variance was heterogeneous, the data were 
transformed prior to analysis. Significant differences among means were determined by 
contrast analysis, and unless otherwise stated, all significant differences were determined 
at the 0.05 probability level.
RESULTS
Growth Response
Anaerobic treatment had a significant effect on shoot and root morphology and 
partitioning between shoot and root components, but no effect on RGR of mangrove 
seedlings (Table 7.1). Overall, there was a shift in biomass partitioning from roots to 
stems, which increased height growth. The absence of a significant interaction between 
species and treatment for shoot height and SWR demonstrated that the three species 
responded similarly to anaerobic treatment. Interspecific differences in RGR, LWR,
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Table 7.1. Growth and biomass partitioning by Rhizophora mangle, Avicennia 
germinans, and Laguncularia racemosa juveniles grown for 12 weeks in hydroponic 
culture at two aeration levels. See text for calculations of relative growth rate (RGR), leaf 
weight ratio (LWR), stem weight ratio (SWR), and root weight ratio (RWR). Values are 
the mean ± standard error (n=5). Results of a 2-way ANOVA are indicated at the end of 
the table; NS = nonsignificant F.
RGR 










Aerobic 0.022 ± 0.003 21.0 ± 1.8 0.50 ± 0.05 0.10 ±0 .02 0.40 ± 0.04
Anaerobic 0.017 ± 0.006 28.1 ± 2.9 0.45 ± 0.06 0.18 ± 0.18 0.37 ± 0.04
Avicennia
Aerobic 0.078 ±0.011 22.2 ± 2.5 0.45 ± 0.01 0.28 ± 0.02 0.27 ± 0.02
Anaerobic 0.085 ± 0.007 26.1 ± 0 .8 0.48 ± 0.02 0.33 ± 0.03 0.20 ± 0.03
Laguncularia
Aerobic 0.082 ± 0.012 12.1 ± 1.4 0.68 ± 0.02 0.14 ± 0.01 0.19 ± 0.02
Anaerobic 0.075 ±0.019 12.4 ± 0.7 0.66 ± 0.03 0.18 ±0.01 0.16 ±0 .02
Probability of > F:
Treatment NS 0.0217 NS 0.0162 0.0621
Species 0.0001 0.0001 0.0001 0.0001 0.0001
Interaction NS NS NS NS NS
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SWR and RWR, however, were significant when averaged over treatment. Rhizophora's 
RGR was substantially lower than that of Avicennia and Laguncularia, which were 
similar under these experimental conditions. Avicennia had the highest investment in 
stem biomass among the three species, whereas investment in leaf biomass was highest 
for Laguncularia. Investment in root biomass decreased in the following order: 
Rhizophora > Avicennia > Laguncularia.
A major difference among species in response to aeration occurred in root growth 
and morphology (Table 7.2, Figure 7.2). Anaerobiosis caused a significant decrease in 
root extension rates by Avicennia and Laguncularia (38 and 76 %, respectively, below 
aerated controls), but not Rhizophora (15% below aerated controls) (Figure 7.2). This 
decrease in root elongation rate resulted in shorter maximum and average root lengths 
relative to aerated controls for Avicennia and Laguncularia. Anaerobic treatment also 
caused dieback of Laguncularia's root tips, a response not observed in the other two 
species. All three species responded to anaerobiosis by decreasing the number of lateral 
roots. Although no significant effect of aeration treatment on SRL was found, there were 
substantial differences among species with Laguncularia > Avicennia > Rhizophora. 
Significant species differences in root diameter, porosity and cross-sectional air-space 
area (CSA) were found, but no effect of anaerobic treatment occurred.
Anaerobic root conditions caused a significant decrease in LAR for Laguncularia, 
but not Avicennia or Rhizophora (Figure 7.3). Anaerobic conditions substantially 
increased the height of Rhizophora and Avicennia (34 and 18 % above aerobic treatment, 
respectively), but resulted in a small increase in shoot height by Laguncularia (3 % above 
aerobic treatment) (Table 7.1). Thus, the stature of Lagunucularia seedlings was shorter 
than that of Rhizophora and Avicennia (averaged over aeration treatment) after 12 weeks 
of growth in hydroponic culture. Species differences in stem specific gravity (F2,24 = 
7.54, P = 0.003) and stem diameter (F2, 24 = 141.3, P = 0.0001) resulted in differences
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Table 7.2. Characteristics of Rhizophora mangle, Avicennia germinans, and 
Laguncularia racemosa root systems after 12 weeks in hydroponic culture at two 
aeration levels. See text for an explanation of calculations of specific root length (SRL), 
porosity, and cross-sectional air space area (CSA). Values are the mean ±  standard 
error (in parentheses) (n=5). Results of a 2-way ANOVA are indicated at the end of the 
table: NS = nonsignificant F.






(mm) (crag-1) roots (%) (mm2)
Aerobic 7.4 8.9 12.5 3.3 55 33 7.5 32
(0.9) (1.2) (1.1) (0.8) (12) (9) (2) (7)
Anaerobic 6.0 9.2 12.3 3.5 54 26 9 27
Avicennia
(0.9) (1.1) (1.5) (0.6) (17) (13) (3) (6)
Aerobic 4.0 21.8 28.7 2.5 105 39 23 118
(0.5) (1.3) (1.4) (0.4) (36) (4) (1) (30)
Anaerobic 6.2 15.3 20.1 2.8 82 20 30 214
Laguncularia
(0.4) (2.1) (1.5) (0.3) (11) (4) (4) (73)
Aerobic 3.0 26.9 30.6 2.1 170 49 15 49
(0.7) (2.0) (2.5) (0.2) (33) (6) (1.2) (11)
Anaerobic 4.8 14.0 19.6 1.5 165 19 18.9 36
(0.4)
Probability of a > F:
(2.5) (2.6) (0.1) (34) (5) (1.1) (7)
Treatment NS 0.0002 0.0001 NS NS 0.007 NS NS
Species NS 0.0001 0.0001 0.001 0.0009 NS 0.0001 0.0001
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Figure 7.2. Root extension rates by Rhizophora mangle, Avicennia germinans, and 
Laguncularia racemosa seedlings grown for 8 weeks in hydroponic culture at two aeration 
levels. Values are the mean ± standard error (n=5). A 2-way AN OVA indicated 
significant main effects of treatment (Fj, 24 = 24.55, P = 0.0001) and species (F2 , 24 = 
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Figure 5.3. Leaf area ratios (LAR) of Rhizophora mangle, Avicennia germinans, and 
Laguncularia racemosa seedlings grown for 12 weeks in hydroponic culture at two 
aeration levels. Values are the mean ± standard error (n=5). A 2-way ANOVA indicated 
significant main effects of treatment (Fi, 24 = 6.30, P = 0.019) and species (F2, 24 = 287, 
P = 0.0001) and a significant interaction (F2, 24 = 3.56, P = 0.044).
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in shoot ventilation potential (Rhizophora > Avicennia > Laguncularia) (F2,24 = 32.99, P 
= 0.0001) (Figure 7.4).
Physiological Response
There were no significant differences in net photosynthetic rates or leaf 
conductance among the three species or between aeration treatments (Table 7.3). Water 
use efficiency, however, was highest tor Rhizophora, intermediate for Avicennia, and 
lowest for Laguncularia (Table 7.3).
Root respiration rates in aerated solution culture were highest for Laguncularia, 
intermediate tor Avicennia, and lowest for Rhizophora (Figure 7.5) Low oxygen 
tensions in the hydroponic solution, however, caused a 31 and 53 % decrease in root 
respiration of Avicennia and Laguncularia, respectively, but no significant change in 
Rhizophora.
The percentage of daily carbon loss to root respiration (PRR) was highest for 
Rhizophora, intermediate for Avicennia, and lowest for Laguncularia (Table 7.4). 
Anaerobic treatment caused a significant decrease in PRR for all three species. There was 
a significant negative correlation between PRR and RGR (R = -0.493, P = 0.01).
Effect of Anaerobiosis on Root Oxygen Concentrations
Avicennia and Laguncularia seedlings grown for 12 weeks in anaerobic solutions 
had significantly lower oxygen concentrations inside their roots compared to aerated 
controls (Figure 7.4). Long-term anaerobic treatment, however, did not significantly 
affect oxygen concentrations in Rhizophora seedling roots. Time course measurements 
with another set of seedlings showed that root oxygen concentrations declined from 16% 
to below 5% within 6 h after Laguncularia and Avicennia were subjected to anaerobic 



































RHIZOPHORA AVICENNIA LAGUNCULARIA 
SPECIES
Figure 7.4. Root respiration rates of Rhizophora mangle, Avicennia germinans, and 
Laguncularia racemosa seedlings measured after 12 weeks in hydroponic culture at two 
aeration levels. Values are the mean ± standard error (n=5). Internal root oxygen 
concentrations are indicated in parentheses above each bar. A 2-way ANOVA indicated 
significant main effects of treatment (Fi, 24 = 32.72, P = 0.0001) and species (F2, 24 = 
16.84, P = 0.0001) and a significant interaction (F2, 24 = 11-07, P = 0.0004).
181
Table 7.3. Net C assimilation, leaf conductance, and water use efficiency in Rhizophora 
mangle, Avicennia germinans, and Laguncularia racemosa seedlings grown for 12 weeks 
in hydroponic culture at two aeration levels. Values are the mean ± standard error (n=5). 
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3.7 ± 0.6 
4.2 ± 0.8
66.9 ± 8.6 
71.1 ± 15.2
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78.4 ± 9.8
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Figure 7.5. Stem ventilation potential of Rhizophora mangle, Avicennia germinans, and 
Laguncularia racemosa seedlings measured after 12 weeks in hydroponic culture at two 
aeration levels. Values are the mean ± standard error (n=5). A 2-way ANOVA indicated 
a significant main effect of species (Fi, 24 = 32.99, P = 0.0001), but not treatment (F2 24 
= 0.132, P = 0.719) or interaction (F2, 24 = 2.11, P = 0.144).
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Table 7.4. The percent of fixed carbon lost through root respiration by Rhizophora 
mangle, Avicennia germinans, and Laguncularia racemosa juveniles grown for 12 weeks 
in hydroponic culture at two aeration levels. Values are the mean ± standard error. 
Results of a 2-way ANOVA indicated significant main effects of treatment (F i;24 = 4.3, P 
= 0.049) and species (F2 24 = 11-8, P = 0.0003), but no interaction (F2 24 = 1-03, P = 
0.372).
Aerobic Anaerobic
Rhizophora 19.79 ± 3.88 11.42 ± 1.32
Avicennia 11.80 ±2 .45 5.82 ± 1.11
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Figure 7.6. Effect of aeration treatment on internal root oxygen concentrations of 
Rhizophora mangle, Avicennia germinans, and Laguncularia racemosa seedlings grown 
in hydroponic culture. Arrows indicate when anaerobic treatment was stopped and root 
chambers were reaerated. A repeated measures ANOVA indicated a significant effect of 
treatment (Fi, 4 = 17.7, P = 0.014; Fj, 4 = 37.66, P = 0.0036) and time (F6i 24 = 11-20, 
P = 0.0001; F6,24 = 52.17, P = 0.000i) and a significant interaction (F6,24 = 12.87, P 
= 0.0001; F6; 24 = 44.59, P = 0.0001) for Avicennia and Laguncularia, respectively. 
There were no significant effects of treatment (Fi,4 = 0.85, P = 0.408) or time (F6,24 = 
1.596, P = 0.192) and no interaction (F6,24 = 1.51; P = 0.217) for Rhizophora.
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to recover to pretreatment levels. In contrast, oxygen concentrations inside Rhizophora 
roots were maintained equal to aerated controls regardless of external oxygen tensions.
DISCUSSION
The maintenance of an oxygen supply appears to be essential for root growth in 
both flood tolerant and intolerant plant species (Saglio, 1984; Armstrong and Webb, 
1985). Although anaerobic pathways of metabolism may provide a means to tolerate low 
oxygen conditions for short periods of time, strategies that allow avoidance of low 
oxygen stress (e.g., increased root porosity, adventitious root development, and lenticel 
proliferation) are necessary for long-term root growth in anaerobic soils (Armstrong, 
1979; Kozlowski, 1984; Jackson and Drew, 1984).
The response of the three mangrove species to low oxygen tensions demonstrated 
interspecific differences in ability to avoid root oxygen stress. Substantial decreases in 
root oxygen concentration, respiration rate and extension rate by Avicennia and 
Laguncularia roots and dieback of Laguncularia's root tips indicated that anaerobic culture 
conditions interfered with root aeration, which in turn induced changes in physiology and 
growth patterns. In contrast, Rhizophora showed minimal morphological and 
physiological response to low oxygen in the culture solution.
Previous work with Avicennia seedlings demonstrated that anaerobic treatment 
caused a decrease in root oxygen concentrations, a switch to anaerobic pathways of 
metabolism, and a decline in root energy status (McKee and Mendelssohn, 1987).
Similar decreases in root oxygen concentration were observed for Avicennia and 
Laguncularia in the current study (Figures 7.5 and 7.6).
Curran et al., (1986) in a study of root aeration and respiration in A. marina (grey 
mangrove) concluded that the rate of decrease in oxygen concentrations in a root system 
isolated from a supply of oxygen (e.g., during a tidal cycle) would be determined by the
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volume of gas space inside the root system and the root respiration rate. Their 
calculations, however, did not consider another important mechanism of oxygen loss: 
leakage from roots via diffusion (Armstrong and Gaynard, 1976). Thus, in addition to 
respiration, the rate of depletion of the oxygen reservoir inside mangrove roots would be 
affected by leakage of oxygen from the plant by diffusion. The rate of diffusion, which 
is influenced by the concentration gradient, would increase if the external oxygen 
concentration decreased relative to the internal concentration.
In the current study, the root systems were not isolated from a supply of oxygen, 
since the shoots remained exposed to the atmosphere. The effectiveness of oxygen 
transport in maintaining internal concentrations in this situation is dependent on (1) 
resistance of the diffusional pathway and (2) oxygen demand along the diffusional 
pathway. The diffusional resistance is directly related to pathway length and tortuosity 
and inversely related to porosity (% air space). The oxygen demand is determined by 
respiration and external oxygen concentration, the latter affecting diffusion rates from the 
roots.
The different responses among mangrove species to anoxia cannot be attributed to 
differences in pathway length, since root gas samples were collected at the same distance 
from the shoot base. Although there were species differences in cross-sectional air space 
area in the roots, the pattern was not consistent with response to anaerobiosis (Table 7.2). 
Oxygen demand by root respiratory uptake was decreased in response to anoxia and thus 
cannot account for declines in Avicennia and Laguncularia root oxygen concentrations 
(Figure 7.5). The external oxygen demand, however, was increased for all three species 
by N2 purging and probably caused the decline in root oxygen concentrations by 
Avicennia and Laguncularia (Figures 7.5 and 7.6).
The reason for the maintenance of root oxygen concentrations by Rhizophora 
during anaerobic treatment cannot be stated with certainty, but two possibilities exist: (1) 
a relatively lower root permeability to oxygen leakage and/or (2) a relatively higher
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diffusive conductance of oxygen through the shoot to the root system by Rhizophora. 
Although relative permeability of the mangrove roots to oxygen leakage was not 
determined, a comparison of shoot ventilation potentials indicates that Rhizophora had a 
much lower potential resistance to oxygen transport through the stem base to the root 
system compared to Avicennia and Laguncularia (Figure 7.4). Thus, the rate of oxygen 
supply to the root system may have been sufficient for Rhizophora to counterbalance the 
loss via leakage when the oxygen demand of the external medium was increased by N2 
purging.
In addition to strategies that maintain root aeration, relative flood tolerance will 
also be determined by aboveground responses to root anaerobiosis. All three species 
exhibited changes in shoot morphology and repartitioned biomass when their root 
systems were subjected to anoxia. Greater stem growth resulted in increased shoot 
heights for Rhizophora and Avicennia, a response that would be important in minimizing 
submergence during flooding. This switch in partitioning for Laguncularia occurred, 
however, at the expense of leaf area, which would limit carbon acquisition, and did not 
result in a substantial increase in stem length, and hence height. In drained soil culture, 
stem growth by Laguncularia often equals or exceeds that of Avicennia and Rhizophora 
(Chapter 5). Even when vigorously aerated, hydroponic culture resulted in lower shoot 
heights for Laguncularia compared to the other two species (Table 7.1). A shorter stem 
would leave Laguncularia more vulnerable to inundation compared to Rhizophora and 
Avicennia.
Anaerobiosis has also been shown to influence physiological processes such as 
net carbon assimilation, transpiration, and water use efficiency in woody species (see 
Kozlowski, 1984). Rhizophora, Avicennia, and Laguncularia seedlings, however, 
showed no significant change in net carbon assimilation or conductance per unit leaf area 
in response to low oxygen tensions (Table 7.3). Similar results were found for these 
three species grown in flooded soil culture (Pezeshki et al., 1990).
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Measurements of aboveground gas exchange do not incorporate root respiration 
and, consequently, may not accurately assess physiological response to root 
anaerobiosis. Up to 30% of carbon fixed in photosynthesis is respired in roots, and 
variation in the proportion lost in root respiration (PRR) can be a major factor determining 
plant growth responses (Van der Werf et al., 1990). The PRR is determined by two 
components: morphological (LAR and RWR) and physiological (root respiration and 
photosynthesis). For the three mangrove species, a negative correlation between PRR 
and RGR suggested that decreases in the proportion of fixed carbon lost through root 
respiration would have a positive influence on RGR. A relatively lower PRR may partly 
explain why growth rates in anaerobic conditions were maintained equal to that of aerated 
controls (Tables 7.1 and 7.4).
Flood-tolerant plants exhibit various morphological and physiological adaptations 
to anaerobic soils (Kozlowski, 1984). These mechanisms allow avoidance or tolerance 
of low oxygen conditions, depending on the species and environmental conditions. 
Although few investigators have considered adaptive strategies that incorporate both 
physiological and morphological responses, this study has shown that highly flood 
tolerant species such as mangroves modify physiological and morphological patterns so 
that a proper balance between carbon acquisition and carbon loss via root respiration is 
maintained during low oxygen conditions in the root zone. As a consequence, anoxia per 
se was insufficiently stressful to affect overall growth rates of these mangrove seedlings.
Mangrove soils, however, are not only anaerobic, but strongly reducing and 
contain phytotoxins such as hydrogen sulfide (Boto and Wellington, 1984; McKee et al., 
1988; McKee, in press). More reducing conditions and sulfide in the rhizosphere would 
be expected to increase oxygen leakage from the roots and impair respiration beyond that 
observed in response to anoxia (Koch et al., 1990). Nutrient availability would also be 
influenced by reducing conditions (Boto and Wellington, 1984), and combined with a 
decreased uptake capacity due to decreases in root respiration and extension rates, would
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further inhibit growth. Other work has in fact shown that when mangrove seedlings were 
subjected to flooding under soil redox and sulfide conditions typical of the mangrove 
environment, biomass accumulation by A. germinans, but not R. mangle, was 
significantly reduced relative to drained controls (Chapter 8).
CONCLUSIONS
Zonation of mangrove forests has often been attributed to specialized adaptation of 
species to factors that vary across the intertidal. Considerable work has focused on 
interspecific salinity responses, but much less is known about differential tolerance of 
other stresses associated with the mangrove habitat (see Ball, 1988). Since intensity of 
conditions associated with flooding (e.g., flooding depth and duration, soil redox status, 
and sulfide) varies substantially with intertidal position (Boto and Wellington, 1984; 
Chapters 2 & 8), relative flood tolerance could be an important determinant of mangrove 
species distribution patterns.
Morphological and physiological responses of mangrove seedlings to low oxygen 
conditions indicates that the relative performance of Rhizophora, Avicennia, and 
Laguncularia seedlings would differ across a flooding gradient. Maintenance of root 
oxygen concentrations and root respiration and extension rates by Rhizophora 
demonstrated that this species was able to avoid low oxygen stress with minimal changes 
in physiology and morphology. In contrast, the substantial alterations in root 
morphology and respiration and extension rates by Avicennia and Laguncularia indicate 
that these species would be less tolerant of flooding stresses. These interspecific 
differences have important implications for nutrient uptake capacity, which is strongly 
influenced by root morphology (Boot, 1989) and root extension rates (Christie and 
Moorby, 1975). Laguncularia additionally exhibited dieback of root tips, a decrease in 
LAR, and an inability to substantially increase shoot height upon exposure to anaerobic
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treatment, responses that would further reduce this species' capacity to cope with 
flooding effects during early growth. This pattern of response to anaerobiosis is 
consistent with the relative dominance of these mangrove species across the intertidal. 
Thus, in addition to salinity effects, differential flood tolerance will substantially influence 
spatial distribution of these mangrove species across the intertidal.
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The following chapter was published in the Journal of Ecology, Volume 81, pp. 
477-487. Letters requesting and granting permission for inclusion in this dissertation are 
provided in the Appendix.
CHAPTER 8
SOIL PHYSICOCHEMICAL PATTERNS AND MANGROVE SPECIES 
DISTRIBUTION: RECIPROCAL EFFECTS?
INTRODUCTION
Mangrove communities, which occupy the intertidal zone in tropical and sub­
tropical regions of the world, often exhibit distinct patterns of species distribution (Davis, 
1940; Macnae, 1968; Lugo and Snedaker, 1974; Chapman, 1976). In Florida, the red 
mangrove, Rhizophora mangle L., usually occurs lower in the intertidal zone than the 
black mangrove, Avicennia germinans (L.) Steam., which may be found in more inland 
sites where tidal inundation is less frequent (Davis, 1940; Macnae, 1968; Lugo and 
Snedaker, 1974; Chapman, 1976). Both species, however, may occur together in mixed 
stands where their ranges overlap. Explanations for zonation of mangal communities 
include succession due to land building (Davis, 1940), geomorphic processes (Thom, 
1967), physiological tolerance of inundation or salinity (Clarke and Hannon, 1970; Ball, 
1988), interspecific competition (Ball, 1980), dispersal dynamics (Rabinowitz, 1978), 
and predation of propagules (Smith et al., 1989). Although succession due to land 
building is no longer widely accepted as a viable hypothesis, the remaining factors are 
considered to be important determinants of mangrove distribution (Smith, 1992).
Differential flood tolerance as a factor controlling zonation in mangrove forests is 
one hypothesis that has not been investigated thoroughly. The work of Scholander, van 
Dam and Scholander (1955) demonstrated that aerial roots, i.e., the pneumatophores of 
A. germinans and the prop roots of R. mangle, serve as conduits for oxygen flow from 
the atmosphere to the roots growing in the anaerobic soil. The assumption has been that 
these mangrove species have an efficient mechanism for oxygen transport to
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belowground roots that precludes any ill-effects of growth in a waterlogged soil. 
Mangroves, however, would be most vulnerable to inundation during the regeneration 
phase, rather than the mature phase, of growth. Seedlings, which are small and lack 
aerial roots, may experience oxygen deficiencies during submergence by the tides.
In addition, root oxygen deprivation is only one of several potential impacts of 
flooding on plants. Plants growing in an anaerobic soil environment may be damaged by 
the accumulation of soil phytotoxins such as the reduced forms of iron and manganese 
(Jones and Etherington, 1970), organic acids such as formic, acetic, proprionic, and 
butyric acids (Sanderson and Armstrong, 1980), and gases such as ethylene, methane, 
and carbon dioxide (Koslowski, 1984). Species growing in marine sediments, however, 
must cope with a highly toxic compound, H2S. The concentration of H2S known to 
cause a 50% inhibition of cytochrome oxidase in plant roots is 13 |iM  (Allam and Hollis, 
1972). Seawater provides an ample supply of sulphate for reduction by dissimilatory 
sulphate reducing bacteria (e.g., Desulfovibrio', Postgate, 1959), and concentrations of 
sulphide may exceed 1 mM in mangrove soils (Carlson et al., 1983; McKee, 
Mendelssohn, and Hester, 1988). Thus, the growth of mangroves may be influenced not 
only by a species' capacity to maintain aerobic metabolism in its roots, but also by its 
sensitivity to soil phytotoxins, particularly H2S. Although field correlations between the 
spatial distributions of R. mangle and A. germinans trees and patterns of H2S led
Nickerson and Thibodeau (1985) to conclude that these species differed in their tolerance 
of sulphide, an inhibitory effect of reduced sulphur compounds on the survival or growth 
of mangrove species has not been experimentally demonstrated.
Field and greenhouse investigations were conducted to examine vegetation and 
soil patterns occurring at a mangrove forest in Florida and to assess the potential impact 
of reducing soil conditions and sulphide on seedling growth. The objectives of the field 
study were to: 1) examine the relationship between mangrove species distribution and
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soil redox potential (Eh) and sulphide concentrations, 2) determine whether the 
occurrence of aerial roots of adult trees is associated with less reducing soil conditions 
(i.e., higher soil Eh and lower sulphide concentrations), and 3) assess Eh and sulphide 
conditions during seedling establishment. A greenhouse experiment was conducted to 
determine the growth response of R. mangle and A. germinans seedlings to the Eh and 
sulphide conditions observed in the field. The capacity for mangrove seedlings to oxidize 
their rhizospheres and the effect of reducing conditions and sulphide on root oxygen 
concentrations were simultaneously examined in a second greenhouse experiment.
METHODS
Study Site
The field site was a mainland mangrove forest in southwest Florida at Rookery 
Bay, near Naples (25° 62' N, 80° 25'W). Zonation of mangrove species was similar to 
that described by Lugo and Snedaker (1974): a fringe forest adjacent to open water and 
dominated by R. mangle and a basin forest occurring inland of the fringe zone. At this 
site, the basin forest was further divided into a mixed association of R. mangle and A. 
germinans adjacent to the fringe zone and a monospecific zone dominated by A. 
germinans beginning at a distance approximately 65 m inland from the water's edge and 
extending for another 50 m. Occasional individuals of the white mangrove, Laguncularia 
racemosa L. also occurred in the mixed basin forest. Canopy height was approximately 
10 m in the mixed basin zone and 5-6 m in the monospecific basin zone (Twilley, 1985).
The fringe and basin forests were separated by a berm composed of sand. 
Hydrological information for this site shows frequency and duration of tidal inundation to 
be at a minimum at the time of year that the study was conducted (Twilley, 1985). In 
addition, the elevation of the berm (61 cm) was such that the basin forest was only 
irregularly flushed by semidiurnal tides (75 tides per yr; Twilley, 1985). Tidal amplitude 
in this area was approximately 50 cm.
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Field Experimental Design
The field study was conducted in January 1987, after peak dispersal and during 
the first months of seedling establishment. Five transects approximately 10 m apart were 
established perpendicular to the shoreline. All transects extended from the water's edge 
to 120 m inland, traversing the fringe, basin mixed and basin monospecific forest zones. 
Eight sampling stations were initially located at 20 m intervals along the transects. Two 
stations occurred in the fringe zone and three in each of the basin mixed and monospecific 
zones. A portion of the transect corresponding to the transition zone (50 to 80 m from 
shoreline) between the mixed association and the monospecific stand of A. germinans 
was sampled at 5 m intervals.
At each sampling station, presence or absence of R. mangle and A. germinans in 
the canopy was recorded to determine species distribution patterns across the fringe and 
basin forest. Soil Eh was measured at each station, and interstitial water was collected for 
the determination of sulphide concentration, pH, and salinity (see below for methods).
In order to determine whether the patterns of soil Eh and sulphide concentration 
observed at this field site varied with proximity to aerial roots, paired measurements of 
these soil variables were made close to (< 3 cm) an aerial root (i.e., prop roots and 
pneumatophores) of adult R. mangle and A. germinans, respectively, and 0.5 m away in 
bare soil. The paired sampling sites were located close to each other and at equivalent 
elevations to minimize differences in physical factors that might also affect soil redox 
status. Sampling sites for this experiment were located at the transition between the 
mixed and monospecific basin zones (60 to 80 m from shoreline). The experimental 
design was similar to that described in McKee, Mendelssohn, and Hester (1988). For R. 
mangle, the sampling site was located near the terminal arch of a firmly-rooted prop root. 
Sampling sites for A. germinans occurred near one or more pneumatophores, depending
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upon density. To directly compare the two mangrove species, paired measurements were 
made adjacent (< 3 cm) to a R. mangle prop root in the midst of a field of A. germinans 
pneuma-tophores and 0.5 m away where only pneumatophores occurred. In this case, 
the com-parison tested the effect of the presence or absence of a R. mangle prop root; 
sites were located where there was no significant difference in pneumatophore density 
between paired locations.
Greenhouse Experimental Design
Newly-established seedlings of A. germinans and R. mangle were collected in 
January 1987 from the transition zone in the mixed forest site described above. Seedlings 
of the most recent cohort were differentiated from older individuals by: (1) the presence 
of the cotyledons on A. germinans seedlings or by an unexpanded plumule in the case of 
R. mangle seedlings and (2) the root system, which was not extensive and 
undifferentiated into root types (e.g., aerial roots). The seedlings were transported to the 
greenhouse and planted in pots containing a soil mixture composed of a commercial 
potting medium, river sediment, and sand (2:2:1, by volume). To reduce or eliminate any 
unequal influence of field conditions, the seedlings were maintained under similar growth 
conditions in the greenhouse for four months prior to initiation of the experiment. During 
this adjustment period, the soil was constantly flooded to the soil surface and salinity 
levels were maintained at 36 % c with Instant Ocean (Aquarium Systems, Inc., Mentor, 
OH, U.S.A.).
The experimental design was completely randomized with a factorial treatment 
arrangement (2 species x 4 flooding treatments). The experiment was initiated by 
randomly assigning even-sized seedlings of each species to the following four treatments: 
(1) constantly drained, but wet soil; (2) constantly flooded to a 1 cm depth (above the soil 
surface); (3) a 15 cm depth; and (4) a 1 cm depth plus sulphide. The pots were placed
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into large, plastic tanks and randomized so that any treatment combination could occur in 
any tank (8 pots x 6 tanks = 48 total). Preliminary experiments demonstrated that 
differences among tanks did not contribute significantly to experimental error.
The flooding treatments were created by placing the pots at different elevations 
relative to the water level inside the tanks. The bottoms of the pots in the drained 
treatment were in contact with the tank solution to ensure a constant supply of water to the 
seedlings. The flooded treatments remained inundated to the appropriate depth for the 
duration of the experiment; water levels were monitored daily and readjusted for 
evaporation by addition of tapwater. Salinity of the tank solutions, which was monitored 
and adjusted on a weekly basis, was maintained at 36 %c. Interstitial water from each pot 
was also monitored regularly for salinity, which never varied more than ± 2 %o from that 
of the tank solution.
Sulphide concentrations were adjusted by addition of a Na2S solution brought to 
ambient salinity levels (36 %c) with NaCl (after Koch and Mendelssohn 1989). Na2S 
solutions were injected with a 60 ml syringe and cannula into the soil at mid-pot depth. 
The same volume of a NaCl solution (36 %o) was injected into the pots of the other 
treatments. Sulphide concentrations in all pots were monitored by regular extraction and 
analysis of the interstitial water (McKee, Mendelssohn, and Hester 1988). Na2S was 
periodically added to the sulphide treatment pots until interstitial water concentrations 
stabilized at ca. 0.5-1.0 mM. Sulphide concentrations remained below detection limits 
(< 0.3 x 10'3 mM) for the other treatments throughout the course of the experiment. Soil 
redox potentials were measured at mid-pot depth a few weeks after initiation and at the 
end of the experiment. Interstitial water salinity and pH measured at the end of the 
experiment did not differ significantly among treatments.
After 8 months, all aboveground parts were collected, rinsed with tap water and 
then separated into components: leaves, stems, hypocotyl (/?. mangle only), and aerial
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roots. Leaf production was determined by subtracting the total number of leaves and 
scars initially from that at the end of 8 months. Belowground roots were washed 
carefully to remove soil and debris. Although the roots were not separated into live and 
dead categories, > 95 % of all belowground tissue was estimated to be alive based on 
color and turgidity. All collected tissue was dried to a constant mass at 65 C and 
weighed.
Another set of seedlings was used to assess the effect of sulphide on root oxygen 
concentration, as well as any effect of the seedlings on soil Eh and sulphide 
concentration. Seedlings collected from the field site were grown for 1 yr in a 
commercial potting soil and then transplanted into larger pots. Soil-only controls were 
established at this time by filling additional pots with potting soil. All pots were flooded 
to a constant depth (+5 cm above the soil surface) with artificial seawater (36 %c, as 
above) by placement into a large tank. After 22 days of flooding, an equal volume of a 
Na2S solution was injected into each pot as described above. Soil Eh measurements at 
mid-pot depth and withdrawal of interstitial water for sulphide analysis were initiated just 
before injection and continued at intervals over the succeeding 21 days. Root gas 
samples were extracted (as described below) just before and 6 days after sulphide 
injection. The soil surface was never exposed to the atmosphere during these trials, 
ensuring that the major pathway for oxygen diffusion into the soil was via the plant stem.
Analyses
Soil Eh was measured with brightened platinum electrodes inserted into the soil (1 
and 15 cm depths, field; 6 cm depth, greenhouse) and allowed to equilibrate for 1 hour. 
Each electrode was checked before use with quinhydrone in pH 4 and 7 buffers (mV 
reading for quinhydrone is 218 and 40.8, respectively, at 25 C). Eh was calculated by 
adding the potential of a standard calomel reference electrode (244 mV) to the millivolt
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reading. Eh values were not corrected for pH, since differences among sampling stations 
in the field (pH = 6.69 ± 0.05) and among treatments in the greenhouse (pH = 6.74 ± 
0.04) were negligible.
Interstitial water was collected with an in situ water sampler as described in 
McKee, Mendelssohn, and Hester (1988). An aliquot of the interstitial water was 
immediately added to an antioxidant buffer and analyzed for sulphide concentration with a 
sulphide electrode (Lazar Model IS-146, Lazar Research Laboratories, Los Angeles, CA, 
U.S.A.). The antioxidant buffer prevented the oxidation of sulphide in the sample and 
converted H2S and HS~ to S2'. Sample concentrations were determined against a 
standard curve prepared with a series of Na2S solutions in the antioxidant buffer. The 
remaining interstitial water was used for the measurement of salinity (refractometer, 
American Optical) and pH (Digi-Sense pH Meter, Cole-Parmer Model 5985-80).
Root oxygen concentrations were measured by direct extraction from the roots 
with a syringe fitted with leak-proof locking valves and analysis with a gas 
chromatograph (Carle Series 100, E G & G Chandler Engineering) (McKee and 
Mendelssohn, 1987). Repetitive gas extraction from the roots without disturbance to the 
soil was facilitated by an assembly composed of a small-gauge (#23) needle connected via 
capillary tubing to a larger needle (#18 gauge) fitted with a small septum. The small 
gauge needle was inserted directly into a lacunal space in the root. The capillary tubing 
length was kept to a minimum to reduce dead space volume, but was long enough (15 
cm) to allow extension of the septum end out of the soil for easy access during gas 
sampling. A small volume of gas (0.3 ml) was drawn up to evacuate the capillary tubing 
and needles and discarded before each root gas sample was collected. Care was taken to 
collect gas samples with the root system and sampling apparatus completely submerged to 
avoid accidental introduction of air. The GC syringe (Alltech Associates, Inc., Deerfield, 
IL, U.S.A.) was removed from the water only after the valve had been locked. Since
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argon cannot be separated from oxygen with this method, all oxygen concentrations 
reported include a small percentage of argon (argon concentration in air is 0.93%).
Analysis of variance (ANOVA) and paired t-tests were performed on the data. 
Differences in soil variables among vegetation zones were analyzed by 1-way ANOVA 
using data from five randomly selected stations within each zone. The first greenhouse 
experiment (completely randomized design with a 2 x 4 factorial treatment arrangement) 
was analyzed by a two-way ANOVA. Effects of aerial roots on soil variables (field) and 
sulphide addition on seedling root oxygen concentrations (greenhouse) were analyzed 
with paired t-tests. In a few cases, the data were log-transformed to stabilize the variance 
prior to ANOVA. Significant differences among multiple means were determined by 
Fisher's Protected Least Significant Difference (LSD) procedure where the treatment 
arrangement was unstructured. When a factorial treatment arrangement was used (first 
greenhouse experiment), contrast analysis was conducted to examine significant effects. 




A distinct zonation pattern of species distribution and soil physicochemical variables 
occurred along the transects at the study site (Figure 8.1, Table 8.1). Changes in Eh and 
sulphide concentration were strongly associated with changes in occurrence of A. 
germinans and R. mangle. The soil in the zones occupied by R. mangle, i. e., fringe and 
basin- mixed, was anaerobic, but only moderately reduced. The highest soil Eh occurred 
in the mixed zone where both species were present in the canopy, while concentrations of 
sulphide in both the fringe and basin mixed zones were low. Rhizophora mangle 
disappeared from the canopy approximately 65 m inland from the water's edge and
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Figure 8.1. Soil redox potentials (Eh) at 1 (open bars) & 15 (hatched bars) cm depths, 
interstitial water sulphide and salinity measured along perpendicular transects from the 
shoreline to the interior of a mangrove forest dominated by Rhizophora mangle (Fringe), 
Avicennia germinans (Basin Monospecific), or both species (Basin Mixed). Values 
represent the mean ± SE (n=5).
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Table 8.1. Soil redox potentials (Eh) (mV), interstitial water sulphide concentrations 
(mM), salinity (%c), and pH in each of three vegetation zones occurring parallel to the 
shoreline at a mainland mangrove forest (see Fig. 8.1). ANOVA conducted with data 
from five randomly selected stations per zone indicated significant differences among 
zones for Eh at 1 (F2,i2 = 45.82, P = 0.0001) and 15 (F2,i2 = 55.68, P = 0.0001) cm 
depths, sulphide (F2/12 = 43.72, P = 0.0001), salinity (F2J 2 = 276, P = 0.0001), and 
pH (F242 = 3.97, P = 0.048). Values (mean ± SE, n=5) (within row) with different 
letter superscripts differ significantly (P < 0.05).
Fringe
Vegetation Zone 
Basin Mixed Basin Monospecific
Soil Variable
Eh (1 cm depth) 138 ± 38a
Eh (15 cm depth) -69 ± 53a
292 ± 44b 
27 3 ± 2 1 b -202 ± 30c
-158±37C
Sulphide 0.26 ± 0.07a 0.14 ± 0.06a 3.08 ±  0.43b
Salinity 33 ± l a 38 ± l b 42 ± ic
pH 7.0 ± 0.1a 6.7 ± 0.1b 6.9 ± 0.1ab
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occurred thereafter only in the understory as seedlings or saplings. The transition zone 
was short (1 -2  m) and corresponded to an abrupt decrease in soil Eh. Sulphide 
concentrations immediately landward of this ecotone were 10 times higher than that in the 
mixed basin and fringe zones. From this ecotone to about 60 m farther inland, the forest 
was characterized by an open canopy of 5-6 m tall A. germinans. The soil was strongly 
reducing, and sulphide concentrations varied from 2 to 4 mM. Interstitial water 
salinity was near sea strength (33-38 %o) in the fringe and mixed basin stations and then 
increased to 50 %o over a 20 m interval that corresponded to the transition between basin 
mixed and monospecific zones. Salinity then declined to an average of 42 %o in the area 
dominated by A. germinans.
Soil Eh was always higher where aerial roots occurred, although this difference 
was significant only at a depth (15 cm) that was well within the root zone (Table 8.2). 
Sulphide concentrations were also significantly lower in the presence of aerial roots of 
both species (Table 8.2). Although the soil was less reduced wherever the 
pneumatophores of A. germinans occurred, the additional presence of a prop root of R. 
mangle was associated with an even higher soil Eh. Sulphide concentrations were also 
lower where pneumatophores plus prop roots occurred, but the difference (with 
pneumatophores only) was not significant. No significant differences in pH or salinity 
occurred between the paired locations, and values varied only slightly among all sites (pH 
= 6.51 ± 0.04; salinity = 41 ± 0 %o).
Greenhouse
Soil Eh was lower in the flooded soil treatments compared to the drained 
treatment, and the addition of sulphide caused a further reduction in soil redox status 
(Table 8.3). The soil conditions generated in the drained and flooded pots corresponded 
to the range of Eh and sulphide concentrations observed across the transition zone at the 
field site (Figure 8.1). The maintenance of constant salinity (36 ± 2 %o) across treatments
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Table 8.2. Soil redox potentials (Eh) and interstitial water sulphide concentrations 
measured near (< 3 cm) or 0.5 m away from the aerial roots of Rhizophora mangle or 
Avicennia germinans. Values are the mean ± SE (n=5). Probability of a significant 
difference is based on a paired t-test; ns = nonsignificant difference (P > 0.10).
Eh (mV) at depth Sulphide (mM)
R. mangle prop root:
Near (< 3 cm)
0.5 m away (bare soil) 
Probability of > t
A. germinans pneumatophores:
Near (< 3 cm)
0.5 m away (bare soil) 
Probability of > t
A. germinans vs R. mangle:
Pneumatophores plus prop root 
Pneumatophores only 
Probability of > t
-1 cm




-151 ± 47  
ns
-59 ± 38 




-203 ± 13 
0.023
-154± 17 
- 200±  10 
0.057
-84 ± 3 4  
-143 ± 2 2  
0.071
0.17 ±0 .08  
1.70 ± 0.34 
0.007
0.48 ±0 .15  
1.83 ± 0.26 
0.007
0.13 ± 0 .1 0  
0.75 ± 0.49 
ns
205
Table 8.3. Soil Eh (mV) measured at the beginning and the end of a greenhouse 
experiment in which Rhizophora mangle and Avicennia germinans were subjected to four 
flooding treatments (Drained, flooded to a 1 cm, a 15 cm depth, and flooded (1 cm depth) 
with sulphide addition). Values (mean ± SE, n=6) (within column) with different letter 
superscripts differ significantly (P < 0.05).
Avicennia Rhizophora
Initial Final Initial Final
Treatment:
Drained 284 ± 9 a 157±44a 293 ± 5 a 159±54a
Flooded+lcm 6 8 ± 2 0 b -7 3 ± 3 0 b 6 9 ± 6 b -2 6 ± 5 4 b
Flooded +15 cm -52 ± 20c -39 ± 40bc 9 ± 17c -66 ± 22bc
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Figure 8.2. Live biomass (g dry wt) of Rhizophora mangle and Avicennia germinans 
seedlings grown under drained (D) and flooded conditions (FI = flooded to a 1 cm depth, 
F I5 = flooded to a 15 cm depth, FS = flooded to 1 cm depth plus addition of Na2S to 
soil) for 8 months in the greenhouse. Aboveground components designated as follows: 
leaf O X  stem (excluding hypocotyl) (H ), and aerial root (89). Total number of leaves 
produced are indicated within leaf biomass bars. All values are the mean of 6 replicates; 
standard errors are indicated for aboveground and belowground biomass. See Table 8.4 
and text for results of statistical analysis.
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Table 8.4. Results of ANOVA and 1-df contrast analyses performed on biomass 
components (excluding hypocotyl), rootrshoot ratio, and leaf production of Rhizophora 
mangle and Avicennia germinans seedlings grown under drained (D), flooded (FI = 
flooded to a 1 cm depth, F15 = flooded to a 15 cm depth), and sulphide (FS = flooded to 
1 cm depth plus addition of Na2S to soil) treatment for 8 months in the greenhouse. F- 
values are given in the table, and significant effects are indicated as follows: F q5*. 
F.01**» F.005***- Note that root refers to belowground structures only; total and shoot 
biomass variables include aerial root biomass, however. Results for biomass 
components (including hypocotyl) that did not show a significant interaction effect are not 









Species (S) 1.10 15.4*** 53.8*** 36.6*** 1.76
Treatment (T) 2.48 0.40 10.6*** 25.9*** 8.55**
S x T 3.17* 6.57*** 2.88* 3.26* 4.75*
Contrasts:
Drained vs Flooded
Avicennia 5.46* 7.94** 9.77*** 0.06 28.8***
Rhizophora 0.86 3.88 0.03 2.52 0.02
Flooded vs Sulphide
Avicennia 2.62 0.01 9.66*** 15.7*** 0.68
Rhizophora 0.02 1.82 1.89 40.9*** 2.90
Rhizophora vs Avicennia 
Drained 3.69 2.03 35.6*** 0.88 15.1***
FI, F15, & FS 5.37* 28.6*** 25.3*** 42.1*** 0.50
FS only 4.82* 14.6*** 3.62 26.5*** 0.01
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allowed an unequivocal examination of mangrove seedling response to inundation, Eh, 
and sulphide. Both mangrove species tolerated chronic flooding, but each responded 
differently to the flooding treatments in terms of growth and biomass partitioning (Figure 
8.2). Total biomass and root:shoot ratios were analyzed with and without the mass of the 
hypocotyl of R. mangle. Although significant main effects were found in both cases, a 
significant interaction between treatment and species was found only when the hypocotyl 
biomass was excluded. The hypocotyl represents a large proportion of the seedling 
biomass (ca. 50 %) and is a persistent feature of R. mangle seedlings during the first 
years of growth; A. germinans has no comparable-sized structure. The hypocotyl initially 
contributes to the main axis of the seedling, but also serves as a long-term carbohydrate 
reserve. There were no significant differences in hypocotyl biomass at the end of the 
experiment (F354o = 0.48; P = 0.70).
A significant interaction between species and treatment for stem, root, and total 
biomass, root/shoot ratio, and leaf production indicated a different pattern of response 
across treatments for the two species (Table 8.4). Constant flooding to a 15 cm depth 
resulted in the highest total biomass for R. mangle seedlings and had little effect on 
aboveground growth (Figure 8.2). In contrast, total biomass and leaf production by A. 
germinans was greatest in the drained treatment (Figure 8.2, Table 8.4). Significant 
main effects for species (Fi^o = 54.3; P = .0001) and treatment (F3(4o = 4.11; P =
0.013) indicated that leaf biomass for the two species responded similarly across 
treatments and was higher overall for R. mangle seedlings. Flooding caused a decrease 
in both aboveground and belowground biomass of A. germinans, except in the treatment 
flooded to a 15 cm depth. Deeper water stimulated stem growth by both species and the 
production of adventitious roots by A. germinans (Figure 8.2). Five of the six A. 
germinans seedlings flooded to a 15 cm depth developed positively-gravitropic, 
adventitious roots that emerged from a node on the stem just below the water line. None
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of the other treatments exhibited similar adventitious roots, although the seedlings in 
drained soil and flooded soil amended with sulphide did develop pneumatophores. Only 
two of the R. mangle seedlings produced aerial (prop) roots during the course of this 
experiment.
The greatest difference in biomass between the two species in response to 
flooding occurred belowground (Figure 8.2, Table 8.4). Constant flooding was 
inhibitory to A. germinans root growth. Root biomass of A. germinans seedlings 
flooded to 1 and 15 cm depths was 75 and 60 %, respectively, of that in the drained 
treatment. The same flooding treatments stimulated R. mangle root growth (115 and 141 
% of the drained treatment). Root biomass of A. germinans seedlings was significantly 
lower than that of R. mangle seedlings after 8 months growth in flooded soil with and 
without sulphide (Table 8.4). The sulphide-amended soil caused a decrease in 
belowground (69 % of drained treatment), as well as aboveground biomass (53 % of 
drained treatment) in A. germinans (Figure 8.2). Sulphide had little effect on R. mangle 
biomass, but did cause a significant increase in root to shoot ratios relative to the flooded 
treatments without sulphide (Table 8.4).
The second greenhouse experiment demonstrated an effect of the mangrove 
seedlings on soil Eh, which was apparent after 22 days of flooding (Figure 8.3). Soil 
without mangroves had a redox potential of -25 mV, while that containing A. germinans 
and R. mangle seedling roots had potentials of +123 and +70 mV, respectively (Figure 
8.3a). The addition of sulphide caused a decrease in Eh in all treatments, but had less of 
an effect on the Eh in pots containing mangrove seedlings. The rate of decline in sulphide 
concentrations over the succeeding days (due to volatile loss of H2S), however, was 
similar for soil controls and pots containing the seedlings (Figure 8.3b). Measurement of 
root gases showed that O2 concentrations were high for both species initially, but 
























0 4 8 12 16 20
TIME (days)
Figure 8.3. Soil redox potential (A) and interstitial water sulphide concentration (B) 
measured in pots containing potting soil alone (soil control) ( • )  or with Rhizophora 
mangle (□) or Avicennia germinans (A). Measurements were initiated after 22 days of 
constant flooding to a depth of 5 cm above soil surface. A Na2S solution was injected 
into the soil just after the initial (day 0) measurement. Values are the mean ± SE of 5 
replicates.
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Table 8.5. Oxygen concentrations (%) measured in Rhizophora mangle and Avicennia 
germinans roots before and 6 days after injection of a Na2S solution into the surrounding 
bulk soil (see Fig. 8.3 for effects on soil Eh and sulphide concentrations). Values 
represent the mean ± SE (n=5). Probability of a significant difference is based on a 
paired t-test; ns = nonsignificant difference (P > 0.10).
Rhizophora Avicennia
Initial 14.2 ± 1.1 15.8 ±  0.7
6 days






contrast, root O2 concentrations in R. mangle seedlings were unaffected by sulphide 
addition.
DISCUSSION
Species Distribution and Soil Eh/Sulphide Patterns in the Field
The relationship between vegetation and soil Eh and sulphide observed at 
Rookery Bay (Figure 8.1) is counter to that reported in previous investigations for forests 
dominated by A. germinans and R. mangle (Carlson et al. 1983; Nickerson and 
Thibodeau, 1985; Thibodeau and Nickerson 1986), in which areas dominated by A. 
germinans were always characterized by slightly to moderately-reducing soil containing 
low levels of sulphide, while R. mangle was typically associated with higher sulphide 
concentrations. A similar sulphide-vegetation pattern occurs on mangrove island ranges 
in Belize (Chapters 2 and 3). In contrast, the soil at the Rookery Bay site was found to 
be most reducing with high concentrations of sulphide within the basin monospecific 
zone dominated by A. germinans (Figure 8.1).
The topographical configuration at Rookery Bay apparently prevented regular tidal 
flushing of this basin forest (Twilley, 1985), a situation that decreased soil aeration and 
promoted the accumulation of reduced sulphur compounds. In addition, that portion of 
the basin forest dominated by A. germinans was at a 1-2 cm lower elevation than the 
mixed basin forest (Twilley, 1985). In contrast, the island forests studied by Carlson et 
al. (1983), Nickerson and Thibodeau (1985), Thibodeau and Nickerson (1986), and 
McKee (Chapters 2 and 3) were characterized by a gradual rise in elevation from the 
shoreline to the areas dominated by A. germinans. Differences in geomorphology 
generate broad-scale variations in the physical and chemical setting for mangrove forests 
(Thom, 1967) and may explain regional differences in soil and vegetation patterns. On a
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more local scale, interactions among topography, frequency of tidal flushing, soil texture, 
temperature, and availability of minerals such as Fe and Mn will influence patterns of Eh 
and sulphide across a forest.
Soil variables such as Eh may also be modified by the presence of plant roots.
The leakage of oxygen from plant roots into the surrounding anaerobic soil and its effect 
on Eh have been documented for a number of wetland species (Armstrong, 1964; 1967; 
Wium-Andersen and Andersen, 1972; Carpenter, Elser, and Olson ,1983; Thursby,
1984; Jaynes and Carpenter, 1986). This process creates an oxidized rhizosphere and 
could be the primary mechanism generating the soil Eh patterns associated with the aerial 
roots of A. germinans and R. mangle (Table 8.2). Radial oxygen loss would also inhibit 
the buildup of sulphide in the rhizosphere, either through direct oxidation of sulphide or 
by inhibition of the activity of sulphate-reducing bacteria, which are obligate anaerobes. 
Sulphide concentrations might also be affected by root leakage of organic compounds 
such as acetate, an important substrate for sulphate-reducing bacteria (Parkes, Taylor, & 
Jorck-Ramberg, 1984) or secondary metabolites that are inhibitory to micro-organisms, 
e.g., tannins (Horner, Gosz, and Cates, 1988). Thus, Eh and sulphide patterns observed 
across the transects at Rookery Bay (Figure 8.1, Tables 8.1 and 8.2) reflect the 
interaction among several abiotic and biotic factors.
Since R. mangle and A. germinans appear to modify the redox status of the soil in 
which they grow (Thibodeau and Nickerson, 1986; Carlson and Yarbro, 1988; McKee, 
Mendelssohn, and Hester, 1988; Table 8.2), the relationship between species distribution 
and soil Eh observed across zones at Rookery Bay (Figure 8.1) probably reflects this 
influence. The observation of rhizosphere oxidation in different geographic locations,
i. e., Bahamas (Thibodeau and Nickerson, 1986), Belize (McKee, Mendelssohn, and 
Hester, 1988), and Florida (Carlson and Yarbro, 1988; Table 8.2), indicates that the 
effect is characteristic of these species.
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Comparison of the effect of A. germinans pneumatophores alone and in 
combination with the prop roots of R. mangle demonstrated a greater effect on the redox 
status of the soil when both species were present (McKee, Mendelssohn, and Hester, 
1988; Table 8.2). This combined effect may partly explain why the highest soil Eh 
occurred in the basin mixed zone (Figure 8.1). In the basin monospecific forest, 
elevational and concomitant hydrological influences may act to promote greater soil 
reduction, which exceeds the oxidizing capacity of A. germinans to prevent sulphide 
buildup. Alternatively, differences in mangrove biomass among the three zones may 
have influenced soil oxidation through differences in root and rhizosphere aeration as 
suggested by Boto and Wellington (1984).
Relative Flood Tolerance of R. mangle and A. germinans
Although R. mangle typically occupies the lower intertidal and A. germinans less 
frequently-inundated sites, relative dominance along a flood gradient may not accurately 
reflect physiological tolerance to flooding. Species may be displaced spatially and 
temporally through the influence of other factors such as dispersal, interspecific 
competition, predation, and salinity response.
The response of A. germinans to flooding (Figure 8.2, Table 8.4) is in agreement 
with other work that has shown this species to be sensitive to anaerobic conditions 
(McKee and Mendelssohn, 1987). Measurement of root gases in A. germinans seedlings 
demonstrated that oxygen concentrations decreased rapidly (from 16 to < 2 %) when the 
roots were subjected to anaerobic conditions (McKee and Mendelssohn, 1987). The 
resultant oxygen deficiency caused a switch to anaerobic pathways of carbon disposal and 
a lower energy status in the hypoxic roots. This change in root metabolism showed that 
A. germinans seedlings could be significantly affected solely by low oxygen tensions in 
the rooting media and in spite of abundant aerenchyma.
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Flooded mangrove soils, however, are not only anaerobic, but can be strongly 
reducing (Figure 8.1, Table 8.1). Previous work has shown that reducing conditions and 
the presence of sulphide in a flooded soil can have negative effects on root metabolism 
and growth of wetland plants (Koch and Mendelssohn, 1989; Koch, Mendelssohn, and 
McKee, 1990). Nickerson and Thibodeau (1985) have suggested that R. mangle is less 
tolerant of sulphide than A. germinans, contrary to the results presented here (Figure 8.2, 
Tables 8.4 and 8.5). Their conclusions, however, were based solely on field correlations 
between species occurrence and H2S concentrations. Since soil Eh and interstitial 
sulphide concentrations are apparently affected by proximity to mangrove roots 
(Nickerson and Thibodeau, 1985; Thibodeau and Nickerson, 1986; McKee, 
Mendelssohn, and Hester, 1988; Table 8.2), it is questionable whether differential 
tolerance can be adequately assessed by a strictly correlative approach. Also, a greater 
soil oxidizing effect by A. germinans trees does not necessarily indicate a greater 
tolerance by seedlings of reducing conditions and sulphide.
The little experimental work that has been conducted with mangroves did not 
examine responses under redox and salinity conditions comparable to those found in the 
field. Clarke and Hannon (1970) examined the effect of waterlogging on Avicennia 
marina and Aegiceras comiculatum seedlings and found enhanced growth in the most 
waterlogged conditions. Their experiment, however, was conducted at 20-25 % seawater 
and in vermiculite, with no indication of Eh. A recent study examined the effects of 
salinity and flooding on growth of three mangrove species, including R. mangle and A. 
germinans (Pezeshki, Delaune, and Patrick, 1990). Growth of seedlings decreased when 
flooded with freshwater, but not at a salinity equivalent to 50 % seawater. Although their 
flooding treatment resulted in reducing soil conditions, the experiment was not conducted 
at sulphide or salinity levels normally encountered by mangroves. A failure to simulate
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redox and/or salinity conditions typical of the mangrove habitat probably minimized 
differential seedling responses to flooding in these two studies.
When relative response to flooding was assessed at appropriate salinity, redox, 
and sulphide levels, A. germinans was clearly less flood tolerant than R. mangle (Figure 
8.2, Table 8.4). Avicennia germinans biomass was reduced 20 to 40 % (relative to 
drained conditions) when seedlings were subjected to flooding treatments (Figure 8.2). 
These same flooding treatments resulted in a 9 to 24 % increase (relative to drained 
conditions) in total biomass of R. mangle seedlings (Figure 8.2).
The greater sensitivity of A. germinans seedlings to reducing soil conditions and 
sulphide appears to be related to a differential effect of these factors on root oxygen 
concentrations (Table 8.5). Although an effect of the seedlings on soil Eh was evident in 
this experiment prior to sulphide addition (Figure 8.3), it was apparently not sufficient to 
prevent a perburbation of root aeration in A. germinans seedlings when the bulk soil 
became strongly reducing. The difference with R. mangle does not appear to be related to 
root air space volume, since root porosities are high and similar for both species (30-60 
%, unpublished data). Experiments are currently underway to determine whether there 
are species differences in rates of oxygen leakage from the roots and/or root respiration.
Reconciliation of Field and Greenhouse Results
If A. germinans seedlings are more sensitive to low redox conditions and sulphide 
than R. mangle seedlings (Figure 8.2, Table 8.4), then why does A. germinans dominate 
that portion of the basin forest characterized by high sulphide concentrations (Figure 
8.1)? There are several possible explanations: (1) The adult trees may be more resistant 
to flooding and sulphide effects and thus exhibit different patterns of response than 
seedlings, (2) The zonation pattern observed at Rookery Bay may not be a function of 
concurrent Eh and sulphide levels, but instead reflects past edaphic conditions or the
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influence of biotic factors (e.g., differences in dispersal dynamics, propagule predation, 
or competitive ability), or (3) The inhibitory effect of flooding and sulphide on A. 
germinans is less than the effect on R. mangle of some other stress factor that varies 
across the forest. Since salinity was elevated in the basin forest dominated by A. 
germinans, a lower tolerance by R. mangle of hypersaline conditions could 
counterbalance the effects of redox and sulphide on A. germinans.
Changes in forest structure and species dominance, which have been monitored at 
this site from 1971 to 1987, indicate that survival during the seedling stage is a key 
process structuring the mangrove community at this site (Wamer, 1990). The results of 
this analysis show that the interior basin forest corresponding to the transition zone 
(Figure 8.1) was dominated by A. germinans in 1971 and 1978, but that in 1987 R. 
mangle and A. germinans were equally important, i.e., conditions in the interior forest 
have become less conducive to survival of A. germinans to the adult stage. One factor 
that could be tipping the balance in favor of R. mangle is the inhibitory effect of reducing 
soil conditions and sulphide on A. germinans seedling growth. Continued long-term 
monitoring of the soil and vegetation in this basin forest, combined with manipulative 
experiments, will be required to test this hypothesis.
CONCLUSIONS
Mangrove species distribution patterns have previously been correlated with 
factors such as salinity (Lopez-Portillo and Ezcurra, 1989), flooding frequency (Jimenez 
and Sauter, 1991), soil Eh (Boto and Wellington, 1984), and porewater H2S 
concentrations (Nickerson and Thibodeau, 1985). Correlative data, however, cannot 
demonstrate cause and effect relationships and thus may not clearly indicate species'
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physiological responses to soil physicochemical properties. Field correlations also do not 
indicate to what extent abiotic variables may have been influenced by the vegetation.
The greenhouse experiments clearly demonstrated that although seedlings of both 
mangrove species are flood tolerant, their relative performance will vary depending on 
flooding depth, soil Eh, and the presence of sulphide. The field study showed that soil 
Eh and sulphide vary spatially across the forest and in a pattern suggestive of an effect by 
the adult tree roots. Together, these findings indicate that seedling dynamics in this forest 
can not only be affected by soil Eh and sulphide, but that these soil factors may also be 
modified by the aerial root systems of adult trees.
The variations in soil chemistry and vegetation observed across environmental 
gradients in mangrove forests, as well as other wetland systems, result from the 
interaction of a complex set of abiotic and biotic factors that change over time. The 
results of this study have emphasized the need for a better understanding of how physical 
factors interact with biotic effects to generate patterns in soil chemistry, which in turn 
influence the spatial organization of intertidal plant communities.
CHAPTER 9
OVERALL CONCLUSIONS
A complete understanding of the mechanisms causing zonation patterns in plant 
communities requires information about recruitment patterns since it is typically the 
seedling stage that experiences the highest mortality (Harper, 1977). It is well recognized 
that plants all require the same basic resources (e.g., water, light, carbon dioxide, and 
nutrients) so that "niche differentiation" based on resource requirements is limited 
(Harper, 1967). Thus, if all species have similar resource requirements, their initial 
distribution patterns across a gradient should coincide. In this case, zonation must be 
explained by some other mechanism such as competition during the juvenile or adult 
stages. However, when one also considers variation in non-resource stress factors (e.g., 
salinity or flooding), seed predation and herbivory across environmental gradients, the 
potential for specialization to a particular portion of a gradient increases. Maximum 
recruitment for each species would then occur in that portion of the gradient characterized 
by the combination of conditions that least inhibited seedling establishment and growth.
This dissertation has examined several abiotic and biotic factors important in 
determining mangrove seedling recruitment across the intertidal zone in neotropical 
forests. A field survey was conducted to characterize zonation patterns and spatial and 
temporal variation in environmental factors across a mangrove island range in Belize 
(Chapter 2). The results indicated that the interaction between tidal fluctuation and island 
topography generates a gradient in environmental conditions that could affect the 
establishment, survival and growth of mangrove seedlings. Spatial variation in hydro- 
edaphic conditions influenced the survival of mangrove seedlings (Chapter 3). Other 
factors such as predation also varied spatially and temporally and contributed to seedling
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mortality (Chapter 4). An evaluation of seedling growth patterns in the laboratory 
revealed substantial differences among species in terms of relative growth rate, biomass 
partitioning, morphological and physiological flexibility and antiherbivore defenses 
(Chapter 5). In addition to differences in potential for growth, acquisition of resources, 
and deterrence of herbivores, the seedlings exhibited differential tolerance to salinity 
(Chapter 6), rhizosphere anoxia (Chapter 7), reducing soil conditions, and sulfide 
(Chapter 8).
The potential distribution (i.e., fundamental niche) patterns exhibited by 
Rhizophora, Avicennia, and Laguncularia seedlings do not precisely match any of the 
three models described by Snow and Vince (1984) (Figure 1.1). Instead, where resource 
availability is high and stress intensity is low, the three species exhibit different maximum 
growth rates (Laguncularia > Avicennia > Rhizophora) (Chapter 5). As stress intensity 
increases, however, their relative performance will change because of interspecific 
differences in stress tolerance (Figure 9.1). Laguncularia was the least tolerant of 
flooding and salinity-related stresses and would be able to outperform Rhizophora and 
Avicennia only where stress intensity is low (arrow # 1, Figure 9.1). Avicennia 
exhibited an intermediate flood tolerance and the least growth reduction in response to 
salinities that did not impair survival. Avicennia would thus outperform both 
Laguncularia and Rhizophora at intermediate stress intensities (arrow # 2, Figure 9.1). 
Rhizophora showed minimal growth inhibition by flooding stresses and survived to the 
highest salinity level imposed in the laboratory. Thus, Rhizophora could outperform 
Laguncularia and Avicennia only where stress intensity exceeds the latter species' 
tolerance limits (arrow # 3, Figure 9.1).
Extrapolation of seedling potential distributions (Figure 9.1) to an explanation of 
adult zonation patterns is complicated by the fact that the relative intensity of abiotic and 
biotic factors varies across the intertidal zone so that there is not a simple, uni-directional
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change in factors influencing recruitment. Instead, each portion of the gradient is 
characterized by a different combination of predation pressure, resource availability, and 
stress intensity (Figure 9.2). Predation pressure decreases and resource availability and 
salinity increase with increasing distance from the shoreline at Twin Cays. Intensity of 
flooding stresses decreases from the shoreline to the highest elevation, but then increases 
to a maximum in the interior where elevations are low and tidal flushing is minimized.
Another consideration is to what extent the relative responses of seedlings have 
contributed to the observed zonation pattern of trees. The regeneration niche concept 
proposes that species' distribution and abundance patterns primarily reflect differential 
responses occuring during early growth stages rather than later in the life cycle when the 
impact of environmental factors may be less intense. The results presented in Chapters 3- 
8 demonstrate that mangroves exhibit substantial interspecific differences in survival and 
growth during the seedling and early juvenile stages. Thus, zonation of adult mangroves 
probably reflects differential seedling responses to spatial and temporal variation in biotic 
and abiotic factors. This conclusion, however, does not exclude the possiblity that 
zonation is additionally influenced by other processes such as dispersal or competition.
At Twin Cays, Rhizophora and Avicennia dominate different positions relative to 
the shoreline, and Laguncularia occurs infrequently at intermediate positions (Figure 9.2, 
bottom panel). A comparison of field distributions with growth responses in the 
laboratory indicates that the three species are naturally abundant in conditions that are sub- 
optimal for their growth, but where stress factors and/or resource availability prevent or 
limit the growth of other species. Conditions at higher elevation sites (i.e., in areas 
characterized by infrequent tidal flushing and maximum salinities of 60-70 %o) favor 
Avicennia, which showed the least growth reduction under these conditions. Although 
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Figure 9.1. Variation in relative performance of Rhizophora mangle, Avicennia 
germinans, and Laguncularia racemosa seedlings across a hypothetical stress gradient. 
Arrows indicate the points at which Laguncularia (I), Avicennia (2), and Rhizophora (3) 


















Figure. 9.2. Variation in predation pressure (A), resource availability (B), stress 
intensity (C), and relative abundance of Rhizophora mangle, Avicennia germinans, and 
Laguncularia racemosa trees (D) with increasing distance from the shoreline at Twin 
Cays. See text for full explanation.
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90 %o, Chapter 6) in the laboratory, salinities were not observed to exceed the tolerance 
limits of Avicennia in the field (Chapter 2). Along the shoreline and creekbanks, 
Avicennia is more susceptible to predators and weakened by low resource availability and 
flooding stresses. In the island interior, extreme flooding stresses combined with high 
salinities have limited the growth of Avicennia. Rhizophora predominates at low 
elevation positions (e.g., creekbanks and interior ponds) since its growth is less limited 
by flooding compared to the other two species. Laguncularia readily establishes 
throughout the intertidal zone, but the majority of seedlings do not survive. Only where 
salinity and flooding stresses are both at a minimum have a few individuals persisted to 
adulthood at Twin Cays. The conditions on mangrove islands such as Twin Cays are 
apparently too stressful for Laguncularia to achieve dominance in the community. This 
species may be found in greater abundance in high intertidal areas where inputs of 
freshwater, sediment, and nutrients from uplands create a more productive habitat that is 
conducive to its growth, but where infrequent tidal flooding limits the growth of upland 
species.
In summary, a number of factors affecting mangrove seedling recruitment were 
found to vary across the intertidal zone and generated a continuum of contrasting 
conditions for seedling establishment, growth, and survival. These results support the 
explanation that mangrove zonation is primarily the result of specialization by species to 
different portions of the intertidal. This conclusion differs from the traditional viewpoint 
that mangrove zonation reflects differential physiological specialization to a single abiotic 
factor (see Chapter 1). Instead, the term specialization is used in the broader context of 
"niche differentiation" (Harper, 1967). The finding that differential responses of 
seedlings to biotic and abiotic factors coincide with adult species distribution patterns is 
consistent with the regeneration niche hypothesis that seedling dynamics is an important 
process contributing to the structure of mangrove forests.
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